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THEORETICAL AND EXPERIMENTAL INVESTIGATION OF MUFFLERS WITH COMMENTS 

ON ENGINE-EXHAUST MUFFLER DESIGN ^ 

By Don D. Davis, Jr., George M. Stokes, Dewey Moore, and George L. Stevens, Jr. 


SUMMARY 

Equations are imsented jor the attenuation characteristics of 
single-chamber and multiple-chamber mufflers of both the 
exj)ansion-chamber and resonator tyjyeSj for tuned side-branch 
tubes^ and for the combination of an expansion chamber with a 
resonator. Experimental curves of attenuation plotted against 
frequency are presented for 77 different mufflers with a reflec- 
tion-free tailpipe termination ^ and the results are compared 
with the theory. The experiments were made at room tempera- 
ture without flow; the sound source was a loud-speaker. 

method is given for including the tailpipe reflections in the 
calculations. Experimental attenuation curves are presented 
for four different muffler-tailpipe combinations ^ and the results 
are compared with the theory. 

The application of the theory to the design of engine-exhaust 
mufflers is discussed, and charts are included for the assistance 
of the designer. 

Noise spect rums are presented for a helicoj)ter with each of the 
four muffler-tailpipe combinations installed. These spectrums 
are compared with the noise spectrum of the unmuffled helicopter. 
The results shoiv that the overall noise level of the helicopter was 
reduced significantly by even the smallest of the four mufflers 
tested. 

INTRODUCTION 

A tJieoretical and experimental investigation of the methods 
of muffler design has been conducted at the Langley full- 
scale tunnel of the National Advisory Committee for Aero- 
nautics as part of a general research jirogram directed toward 
the reduction of airplane noise. The acoustic theory and 
muffler literature were studied with the aim of obtaining a 
method of predicting mufller characteristics. The theory of 
acoustic filters is discussed in reference 1. Sections of jiai- 
ticular interest in connection with muffler design are the chap- 
ters on change in area of wave front, transmission through 
a conduit with an attached branch, and the filtration of 
sound, as well as the appendix which gives the branch- 
transmission theory of acoustic filtration. Exjierimental 
checks have been found in the literature which demonstrate 
that the theory of reference 1 is reasonabh^ accurate for small 


filters with stationary air at room temperature as ilie sound- 
conducting medium. AVhen the derivation of the equations 
of the acoustic-filter theory is studied, however, certain 
assumptions are found which limit the maximum filter di- 
mensions and also the maximum sound pressures for which 
these equations are applicable. Only limited data are avail- 
able regarding the accuracy of the theory' when applied to 
filters as large as engine-exhaust mufflers. 

The British have studied the problem of au’craft mufflers 
with limited model experiments and with engine tests 
(refs. 2, 3, and 4). The model experiments show fair agree- 
ment with theory as to attenuation for a particular multiple 
resonator low-pass filter of the type described in reference 1 
and for a multiple-expansion-chamber silencer. The experi- 
ments also showed a definite tendency for increasing flow 
velocity to increase the attenuation at low frequencies of 
expansion-chamber silencers. Air flow had little effect on 
the attenuation of the multiple resonator. In both cases, 
however, the flow velocities investigated were much lower 
than those which are found in engine-exhaust pipes, ^^u^iler 
design has also been studied l)y the Germans with particular 
em])hasis on mufflei*s for single-cylinder engines (refs. 5, 6, 
and 7). Ground tests of a large number of different mufflers 
on an actual engine are reported in references 8 aiul 9. 
The experimental results of reference 8 showed that, for the 
particular muffler discussed, both the low-frequency cutoff 
and the fii’st high-frequency cutoff were near the calculated 
frequencies, which was encouraging. Unfortunately, how- 
ever, the data of references 8 and 9 were not suitaBle for 
detailed verification of the theory because of interfering 
engine noise from sources other than the exhaust. 

Although the literature indicated that certain acoustic 
theories could be useful in the design of engine-exhaust 
muflh'rs, neither the range of validity of the various theories 
with respect to muffler size nor the accuracy of the theories 
in predicting the attenuation of mufflers installed on actual 
engines could be deduced from the available data. It 
became apparent that, before more detailed information re- 
garding the validity of the equations could be obtained, a 
test method was needed which would allow conditions to be 


J Supersedes NACA TN 2893, “Theoretictil and Measured Attenuation of Mufflers at Room Temperature Without Flow, With Comments on Engine- Exhaust Muffler Design” by Don 
D. Davis, Jr., George L. Stevens, Jr., Dewey Moore, and George M. Stokes, 1953 and NACA TN 2943, “The Attenuation Characteristics of Four Specially Designed Mufflers Tested on a 
Practical Engine Setup” by George M. Stokes and Don D. Davis, Jr., 1953. 
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closely controlled and which would reduce the numher of 
variables involved. A relatively simple and fundamental 
approach seemed to be to develop a suitable apparatus and 
then to measure the attenuation characteristics of various 
types of midllers in still air at room temperature. In order 
to eliminate the effects of tailpipe resonance, a termination 
with the cliaracteristics of an infinite pipe was indicated. 
Such an attenuation-measuring apparatus was developed 
for the first part of this investigation. 

The objective of this ])art of the investigation was to 
obtain from theoretical considerations equations for the 
attenuation of various types of mufllers and then to investi- 
gate the validity of these ecpiations experimentally through- 
out a rather large range of mufller size in order to determine 
the limitations of the various equations with respect to 
mufller types, mufller dimensions, and sound frequencies. 
Because it is important in airplane-engine muflling to avoid 
excessive back pressures, only those types of mufllers which 
permit the exhaust gas to flow through the muffler without 
turning have been considered in this investigation. 

Of course engine mufllers must be terminated with a tail- 
pipe of finite length in actual practice. Tlie influence of the 
finite tailpipe was studied in the second part of this investi- 
gation. A method for including the effect of the tailpipe in 
the muffler calculations was proposed, and an experiment 
was then conducted to investigate the validity of this 
method. 

The problem of practical mufller design is discussed in 
Part Iff, and families of calculated attenuation curves for 
three types of mufflers are presented therein for the assist- 
ance of the designer. 

The final part of this report <lescribes an application of the 
theory to the design of four mufllers for a ])articular aircraft 
engine and the tests of these mufflers installed on the engine. 
The purpose of this part of the investigation was to study 
the ])racticality of the design methods and equations which 
had been develo|)ed and, also, to obtain some idea of the 
size of mufller which is recpiired in practice to provide a 
significant noise reduction. Of particular interest was the 
(piestion whether certain factors which had not been studied 
in the previous parts of the investigation would affect 
seriously tlu‘ performan(‘e of the mufllers. Factors of 
])rimary concern were the very large sound pressures in the 
engine exhaust pipe and the flow velocity of the exhaust 
gas. In order to make possible a comparison of experi- 
mental data, the same mufflers were used for the finite tail- 
])ipe study and for the engine tests. 

For an investigation of this nature, it is desirable to have 
an engine dynamometer stand; however, in this case, a 
heli(‘opter was used for the engine tests because it was 
readily available. This was believed permissible because 
the helicopter rotor noise was expected to be lower thaii the 
engine noise, at least for the unmuffled engine. 
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diameter of expansion chamber 
frequency 
cutoff frequency 
sound current 

wave-length constant, 27 t//c 

length of conical connector, measured along surface 
length of pipe between connectors of two successive 
branches in a multiple resonator or length of 
pipe between two chambers of a combination 
muffler 

length of resonant chamber 

one-half of effective length of connector between 
two expansion chambers or length of connector 
between exhaust pipe and branch chamber 
length of expansion chamber 
effective length of tailpipe 

expansion ratio; ratio of chamber cross-sectional 
area to exhaust-pipe cross-sectional area 
number of chambers in multiple-resonator muffler 
number of orifices or tubes which form connector 
between exhaust pipe and branch chamber 
sound pressure 

resistive component of impedance 

cross-sectional area 

time 

volume of resonant chamber 
distance coordinate measured along pipe 
reactive component of impedance 
impedance 

characteristic impedance, acoustic resistance to 
transmission of a plane wave in a pipe, pc/S 
constant in conductivity equation 
wave length, c/f 

coefficient of viscosity of sound-conducting medium 
average density of sound-conducting medium 


instantaneous displacement of a particle of the 
medium in which a plane acoustic wave is 
transmitted 


^ instantaneous velocity of a particle of the medium 

in which a ])lane acoustic wave is transmitted 
oj circular fre({uency, 27 t/ 

Subscripts: 
h branch 

c connector 

i incident wave 

7' resonant 

rc reflected wave 

f tailpipe 

transmitted wave 

Xote: Bars || are used to denote the absolute value 
(modulus) of a complex number. 
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I. INFINITE TAILPIPE 

THEORY 

The equations that have lieen used in the caleulation of 
attenuation for the mufflers discussed in this report are 
derived and presented in the appendixes. Mufflers of the 
expansion-cliamber type are treated in appendix A. The 
method used throughout the derivation of attenuation eciua- 
tious for single expansion chamhers, double expansion 
chambei*s with external connecting tubes, and double 
expansion cliambers with internal connecting tubes is tliat 
of plane-wave theory. In this theory the sound is assumed 
to be transmitted in a tube in the form of one-dimensional or 
plane waves. At any juncture where the tube area changes, 
part of the sound incident on the juncture is transmitted 
down the tube and part of it is reflected back toward the 
source. An expansion-chamber mu flier consists of one or 
more chambers of larger cross-sectional area than the exhaust 
pipe, which are in series with the exhaust pipe. This type 
of muffler provides attenuation by taking advantage of the 
reflections from the junctures at which the cross-sectional 
area changes. A three-dimensional sketch of a typical 
double expansion chamber with an internal connecting tid)e 
is shown in figure 1 (a). The theory shows that below a 
certain frequency, which is called the cutoff frequency, the 
muffler is relatively ineffective. An approximate equation 
for determining this cutoff frequency has been derived and 
is presented in appendix A. 

Mufflers of the resonator type are treated in appendix B. 
A typical single-chamber resonator is shown in figure 1 (b). 
This type of muffler consists of a resonant chamber which is 
connected in parallel with the exhaust pipe by one or more 
tubes or orifices. In certain frequency ranges the impedance 
at the connector is much lower than the tailpipe impedance. 
The resonant chamber then acts as an eflective short circuit 
which reflects most of the incident sound back toward the 
source; thus, the amount of sound energy that is permitted 
to go beyond the muffler into the tailpipe is reduced. The 
attenuation equation for the single-chamber resonator is 
first derived by the method of lumped impedances; that is, 
phase differences between the two ends of the connector and 
between different points in the chamber are considered 
negligible. For this case, attenuation equations are de- 
veloped first by considering the iTsistance in the connector 
and then by omitting this resistance; then, two additional 
equations, both of which omit the iTsistance, ai*e developed. 
The first equation considers the effect of phase differences in 
the connector, whereas the second eciuation considers the 
effect of phase differences inside the chamber. 

A typical multiple-chamber resonator is shown in figure 
1 (c). For mufflers of this type, the equation given in 
r-efer-ence 8 is used. In the derivation of this equation resist- 
ance is neglected, the connector and chamber ar-e considered 
as lumped impedances, and the centr-al tube between the 
resonators is treated as a distributed impedance. The sound 
in this central tube is considered to be transmitted in the 
form of plane waves. The multiple r-esonators, like the 
multiple expansion chambers, have a cutoff frequency. An 


approximate equation for this cutoff frequency is also given 
in appendix B. 

The conductivity Co is a very important physical quantity 
which enters into the determination of both the resonant 
frequency and the amount of attenuation for resonator-type 
mufflers. The qirantity p/co is, as is explained in reference 1, 
the acoustic inertance that is associated with a physical 
restriction in an acoustic conduit. Because this quantity is 
determined by tire acoustic kinetic energy tliat is associated 
with the presence of the restriction and because this energy 
is a function of the conduit configuration on either side of 
the restriction as well as of the physical dimensions of the 
r’estriction itself, the (‘onductivity is physically a rather 
elusive (quantity which is predictable in only certain special 
cases, such as that of a circular orifice in an infinite plane. 
In most practical cases, it is therefore necessary to base an 
estimate of Co on past experimental evidence. 

The prediction of Co is discussed in refer-ence 1. In the case 
of a single connector, with diameter not too large in com- 
parison with the exhaust-pipe diameter, the equation given is 

2 

_ TTU/' 


wher-e 0 is an empirical constant, which has been found to 
be usually bet ween tt '2 and tt 4. If the connector is composed 





(a) Double expansion chamber with internal connecting tube (muffler 

19). 

(b) A typical single-chamber resonator. 

(c) Double-chamber resonator (muffler 54). 

Figure 1. — Sketches showing internal details of several mufflers. 
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of several orifices, a further iineertainty is introdiieed since 
the interference effects ainon^ the orifices are not known. 
In tliis report, tlie calculated curves will be liased on the 
experimentally measured conductivity in those cases where 
tlie calculated and experimental conductivities show signifi- 
cant differences. In a section immediately following tlie 
presentation of the single-resonator and multiple-resonator 
results, the problem of conductivity prediction is discussed 
with the assistance of the experimental results. 

Equations are derived in appendix C for two types of 
combination mufflers. The first is a combination of two 
resonators tuned at different frequencies and the second is 
a combination of an expansion chamber and a resonator. 
Combinations of these types are shown in figures 1(d) 
and 1 (e). 



L-77029 

(d) Condiination of a resonator and an expansion chamber (muffler 71). 

(e) Two resonators tuned to different frequencies (muffler 73). 

(f) Coml)ination of several quarter-wave resonators (muffler 74). 

Figure 1. — Concluded. 


MUFFLERS 

The mufflers used in the ^‘infinite’’ tailpipe part of the 
experimental investigation were constructed of 18-gage 
sheet steel (0.049-in. thickness) and unless otherwise speci- 
fied were of circular cross section. Seam welds were used 
throughout to prevent leakage between the adjacent cham- 
bers of the mufflers. In all cases, the exhaust-gas flow is 
from left to right. Three-dimensional sketches showing 
internal details of several of the mufflers are given as figure 1 . 
Photographs of some of the mufflers are shown as figure 2. 
Results are presented for 74 mufflers that were built to fit 
a 3-inch-diameter exhaust pipe. These mufflers varied in 
diameter from 4 inches to 24 inches and in length from 1 inch 
to 96 inches. In addition, results are presented for three 
mufflers that were l)uilt to fit a 12-inch-diameter exhaust pipe. 

The types of mufflers on which the most extensive tests 
were made are the single expansion chamber, the multiple 
expansion chamber, the single resonator, and the multiple 
resonator. The single-expansion-chamber mufflers were 
empty cylindrical tanks with inlet and outlet tubes centrally 
located at the two ends. Multiple expansion chambers were 
constructed by placing two or more expansion chambers in 
series and connecting them with either internal or external 
tubes. These connecting tubes varied in length from 0.05 
inch (the thickness of the central baffle in the muffler) to 
42 inches and had a diameter of 3 inches. Each of the 
single-resonator mufflers consisted of an enclosed volume 
connected to the exhaust pipe by either tubes or circular 
orifices. The resonant chamber was located either as a 
branch projecting from the side of the exhaust pipe or as 
an annular chamber concentric with the exhaust pipe. In 
this type of muffler and in others in which the muffling 
element is located in ‘‘pfl^’flllel” with the exhaust pipe, the 
exhaust gas, as a whole, is not required to How through the 
volume chamber as it is in the expansion-chamber type of 
mufller. The multiple-resonator mufflers consist of two or 
more identical resonators spaced at eciual intervals along 
the exhaust pijie. A few mufflers were constructed of com- 
binations of the above types. In addition, side-branch tubes 
with one end closed were investigated. 

APPARATUS 

The test apparatus used in this investigation is shown 
schematically in figure 3 and a photogra])h of the equipment 
used for testing the mufflers with 3-inch inlet diameter is 
shown as figure 4. The sound was generated by the 15-inch 
coaxial loud-speaker shown at the left and was conducted 
through a 3-inch tube to the muffler, which was attached to the 
tidie by rubber couplings. The sound which passed through 
the mufller continued down a 3-inch tube to the termination, 
which consisted of several feet of loosely packed cotton. 
The section of the tube between the loud-speaker and the 
mufller is called the exhaust pipe in this report, and the sec- 
tion of the tube beyond the mufller is called the tailpipe. 
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(a) Mufflers for 3-iiich-diaineter exhaust pipe. 
Figure 2. — A group of mufflers investigated. 



(b) Central-tube diameter, 12 inches; muffler 74. 
Figure 2. — Concluded. 


Measuring stations at which microphones could he in- 
serted were installed in the exhaust pipe and the tailpipe. 
These measuring stations had the same cross-sectional area 
as the tube and were so designed that tlie microphone, when 
inserted, produced only a slight restriction in the acoustic 
tul)c. Because of the interaction between the incident sound 
wave traveling toward the muffier and the wave reflected by 
the muffler traveling back to the loud-speaker, the sound 
pressure varied with distance along the exhaust pipe. A 
sliding measuring station was, therefore, installed in the 
exhaust pipe. Three stationary measuring stations, un- 
evenh" spaced, were inserted in the tailpipe lietwecn the 
muffler and the cotton termination. With a 3-inch pipe in 
the mufller position instead of a muffler, the cotton was ad- 
justed until the reflections from the termination were mini- 
mized. Reflections were detected by differences in the sound 
pressures at the various tailpipe measuring stations. With 
the termination used in this investigation, the pressures at 
these three stations varied by a maximum of about ±% 
decibel for frequencies between 120 and 700 cycles per second 
and about decibels for frequencies between 40 and 120 
cycles per second. 

A General Radio Company type 759-B sound-level meter 
was used to determine the sound-pressure levels at the 
measuring stations. The ciystal microphone of this meter 
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produced an electrical signal proportional to the sound pres- 
sure when it was inserted at the measuring stations. The 
meter indicated the sound-pressure level in decibels, defined 

as 20 logio “ where po is the standard l)ase-pressure level of 
Po 

0.0002 dyne per square centimeter. An oscilloscope and a 
sound analyzer were used as auxiliary eciuiiiment to make 
periodic checks of the wave form (freedom from harmonics) 
of the sound at the measuring stations. 

The jiower supply for the loud-speaker (‘onsisted of the 
output of an audio oscillator feeding into a 50-watt amplifier. 
No harmonics were detectable within 40 decibels ot the funda- 
mental level in the input to the loud-speaker at the ojierating 
conditions used in this investigation. An electronic volt- 
meter was used to determine the input voltage supplied to 
the loud-speaker. 

Part of the investigation involved the testing of three 
large mufflers in a 12-inch-djameter tube. A photograph ot 
the ajiparatus used is shown in figure 5. In general, the 


Loud - speoker 



Fhjcke 3. — Scholl at ic diaj^ram uf exj)crin eiital aiuiarati'.s for infinite 
tailjiipo investigation. 



Fkjure 4. — .\pj)aratus used for testing ii.nfflers designed for a 3-inch 

exhaust jiipe. 


apparatus was similar in principle to the 3-iiich apparatus. 
Traversing microphones operated by a pulley and cable 
arrangement were used in both the exhaust pipe and the tail- 
pipe. In order to simplify the apparatus, the microphones 
were placed inside the 12-inch pipes, as shown in figure 6, 
where they imposed less than a 4-percent maximum area 
restriction. A cotton termination was again used, although 
it was not (juite as effective as was the termination of the 
3-inch ajiparatus. 



Figure 6. — Movable-riuicrophoiie arrangeir.ent in the 12-inch tailpipe. 
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METHODS AND TESTS 

In the tests of each of the muffler configurations, the maxi- 
mum sound-pressure level obtainable at the sliding measuring 
station in the exhaust pipe and the sound-pressure levels at 
the three stationary measuring stations in the tailpipe were 
recorded. The data from the three tailpipe stations provided 
a running check on the absence of reflections in the tailpipe. 

The attenuation is defined as 20 logic —j where Pi is the 

Vtr 

incident-wave pressure in the exhaust pipe and Ptr is the 
transmitted-wave pressure in the tailpipe. The tailpipe 
data obtained in these tests give the true transmitted sound- 
pressure levels in the tailpipe, but the exhaust-pipe readings 
do not give the incident-wave sound-pressure levels in the 
exhaust pipe; instead, they give the maximum sound-pressure 
levels in the exhaust pipe. This maximum pressure is due 
to the superposition of the incident wave and the wave which 
is reflected from the muffler. In some cases, it is possible to 
calculate precisely the difl'erence between the true attenua- 
tion and the quantity measured in these tests. This meas- 
ured quantity is the maximum drop in sound-pressure level 
between the exhaust pipe and the tailpipe. The calculated 
difference can be applied as a correction to the experimental 
data. The corrected experimental data can then be com- 
pared with the calculated attenuation curves. Although 
this method provides an exact correction for the experimental 
data, it has certain disadvantages. It becomes quite tedious 
because separate correction calculations must be made for 
each separate muffler. Also, each time the muffler type is 
altered slightly, new equations must be derived. This 
process would become quite difficult and time-consuming for 
some of the more complicated muffler types. For these 
reasons a much simpler method of correction was devised, 
although at some sacrifice in terms of accuracy. Ti)is 
approximate correction was obtained as follows: 

Assume that all sound reflection takes place from a single 
point and that the incident sound pressure is unity. If five 
percent of the incident wave is reflected, the maximum 
pressure in the exhaust pipe, which occurs at that point 
where the incident and reflected waves are exactly in phase, 
is 1.05. Then -the sound-pressure level in the exhaust pipe 

will be 20 logio or 0.42 decibel higher than the incident- 

wave sound-pressure level. Ninety-five percent of the in- 
cident pressure will be transmitted, so that the true attenua- 
tion will be 20 logio or 0.45 decibel. The maximum 

0.95 

drop which would be measured experimentally would be 
0.42 + 0.45 or 0.87 decibel. By this procedure, table I was 
compiled, from which the approximate correction curve shown 
in figure 7 was plotted. This correction has been applied 
to all experimental data presented in Part I of this report. 
Some idea of the magnitude of the error introduced by using 
tills approximate correction instead of the exact correction 


may be obtained from figure 8, which was calculated for an 
expansion-chamber muffler. The top curve is the calculated 
difl’erence fietween the maximum sound-pressure level in tlie 
exhaust pipe (at the point where the incident and reflected 
waves are in phase) and the sound-pressure level in the tail- 
pipe (see eq. (A 13)). The top curve is labeled measured’^ 
because this is the quantity which, in the tests, was deter- 
mined directly from experimental measurements. The lower 
curve shows the true attenuation of the muffler, based on the 
difference between the incident-wave pressures in the exhaust 
and tailpipes (eq. (AlO)). The middle curve was obtained 
by applying the approximate corrections (fig. 7) to the 
measured attenuation curve. Note that the difference 
between the exact and approximately corrected attenuation 
curves is quite small at the higher values of attenuation. 

Insofar as was practicable, the attenuation was calculated 
foi- each muffler tested by the theory of the appendixes, and 
the calculated attenuation curves and corrected experimental 
attenuation data were plotted. A maximum frequency of 
700 cycles per second was chosen for the experiments because 
most of the exhaust noise energy is contained in the range 
below this frequency (ref. 9). 

TABLE I.— CALCULATED CORRECTIONS TO MEASURED 
ATTENUATION VALUES (PART I) 


Percent re- 
flection 

Rise in exhaust 
pipe = Correc- 
tion, db 

True attenua- 
tion, db 

True attenuation 
-|-Rise=Meas- 
ured attenuation, 
db 

5 

0. 42 

0. 45 

0. 87 

10 

.83 

.92 

1.74 

20 

1.58 

1.94 

3. 52 

30 

2.28 

3. 10 

5. 38 

40 

2. 92 

4. 24 

7. 16 

50 

3.52 

6.02 

9. 54 

60 

4. 08 

7.96 

12. 04 

70 

4.61 

10. 46 

15. 07 

80 

5. 11 

13.98 

19. 09 

85 

5. 34 

16. 48 

21.82 

90 

5.58 

20. 00 

25.58 

95 

5.80 

26. 03 

31.83 

97 

5.90 

30. 46 

36. 35 

99 

5.98 

40. (K) 

45. 98 

99.5 

6. 00 

46. 02 

52. 02 

99.9 

6. 02 

60. 00 

(»6. 02 

100 

6. 02 

00 

00 



Figure 7. — Corrections to measured attenuation (Part I). 
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Tli(‘ leakage of room noise into the microphone at the tail- 
pipe measuring stations limited the minimum measurable 
noise level. Consequently, the maximum measured attenu- 
ation for any mufller tested was limited to about 50 decibels 
and at the higher frecpiencies was somewhat less. If the 
tail])ipe measuring stations and the micro])hone had l)een 
better isolated from external noise and if the mufller walls 
had been rigid and nonconducting to sound, higher values 
of attc'iiuation could have been measured. No attempt was 
made to obtain such measurements because values of attenu- 
ation higher than 50 decibels did not seem important to this 
investigation. In ])ractice, noise ti“ansmission through the 
mufllei’ walls prevents the attainment of even a 40-decibel 
attenuation with the usual thin-wall sheet -metal construc- 
tion. rui’thermore, other noise sources on an airplane are 
normally loud enough so that an exhaust noise reduction ol 
the order of 50 decibels is not warranted. 

RESULTS AND DISCUSSION 


is 1 foot. The results foi‘ the various types of mufTlers are 
presented in the following order: 

Expansion chamber (figs. 9 to 11) 

Resonator (figs. 12 to 14) 
wSide-branch tube (fig. 15) 

Combinations (fig. 10) 

Large-diameter mutllers (fig. 17) 

The speed of sound was about 1,140 feet per second and 
this number has been used to determine the wave lengths 


cori-esponding to the frequencies 


presented 


SINGLE EXPANSION CHAMHEK 


The atteiuiation in decibels of a mufller which consists of a 
single expansion chamber is given by the following formula 
(appendix A, iH[. (Alt))): 


Attenuation^ 10 logio j^l 


Th(‘ results of this part of the investigation are jiresented 
in the form of curves of attenuation in decibels plotted 
against frequency in cycles ])er second. The curves have 
been calculated by the theory of the aiipendixes and they are 
accompanied by exiierimental jioints. The validity of the 
theory is examined by comiiaring the theoretical and ex])eri- 
mental results. A sketch of each muffler is shown beside the 
cori-esponding attenuation curve. The unit of length for the 
dimensions or constants given below the individual sketches 


This equation indicates that the attenuation increases as the 
ratio m of the chamber area to the exhaust-pipe area in- 
creases and that the attenuation curve is cyclic, repeating 
itself at frequency intervals determined by the length 
of the muffler le and the velocity of sound inside the 

. ‘>7rf\ 

mufiler c ^ ‘ ' 




Effect of expansion ratio. — ^The effect of varying the ex- 
pansion ratio is shown in figure 9 (a) where m is varied from 



Figure 8. — Computed comi)arison of exact and ai)proximately corrected attenuation curves for a single expansion chamber. 
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4 to 64. This figure shows clearly that the requirement for 
high attenuation is that the mufller have a large expansion 
ratio. Although the experimental points show some scatter, 
it apiiears that the theory is valid for mufflei- diameters as 
large as the wave length of the sound. This region of 
validity includes the region of practical interest in airplane- 
muffler design. The failure of the theory to predict the 
large loss of attenuation for muffler 4 at 700 cycles per second 
is l)elieved to be due to the fact that the theoretical assump- 
tion of plane sound waves is no longer valid. 

The complete solution for the velocity iiotential inside a 
circular tube shows that there are an infinite number of 
possible vibrational modes for the ti'ansfer of sound energy. 
Equation (A 10) is based on the plane-wave mode, which may 
exist at any frequency. Other modes, which contain angular 
and radial nodes, are also possible at sufficiently high fre- 
quencies. Because the tubes and chambers which make uj) 
these mufflers are concentric, no vibrational modes which 
involve angular nodes would be expected. If these modes 
are eliminated, the lowest frequency at which any mode 
other than the plane wave can be transmitted without atten- 
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(a) Effect of expansion ratio m. 

Figure 9. — Comparison of theoretical and experimental attenuation 
characteristics for single-expansion-chamber mufflers. Equation 
(A 10). 


c 

nation is given by /= 1.22 (The basic limiting condition 

is that Jx 0=9, where J\ is the Bessel function of the first 

kind of order 1, which has ^=3.83 for its lowest root.) 

c 2 

In terms of the wave length, this expression can be rewritten 
as X=0.82rf. Thus, the assumption of plane waves is valid 
for wave lengths down to somewhat less than the chamber 
diameter. For muffler 4 the critical frequency given by this 
formula is 694 cycles per second. The experimental results 
show a sudden loss of attenuation between 650 and 700 
cycles per second, which indicates that the appearance of 
this undamped higher vibrational mode has reduced seriously 
the muffler effectiveness. 

Effect of length. — -The effect of varying the length of the 
muffler is shown in figure 9 (b). The peak attenuation, 
about 20 decibels, is essentially unaffected by the length 
change and is a function only of the expansion ratio. The 
frequency at which this peak occurs is reduced, however, as 
the length of the muffler is increased. The frequency at 
which the peak attenuation occurs is inversely proportional 
to the muffler length. The cyclic nature of the attenuation 
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(b) Effect of length. 
Figure 9. — Continued. 
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curve is evident with (he attenuation droiipiii" to zero for 
frequencies at which the mufTler length equals an integral 

( TIC 

f=i^f where n is 

any integer^. The experiment and theory agree throughout 

the ]*ange tested which includes wave lengths as short as 0.4 
of the mufTler length in the case of the longest mufTler. The 
theory contains no assumptions which directly limit this 
length. From the scale sketch of mufTler 5, however, which 
has a diameter twice its length, it might appear that the 
sound waves inside the chamber would hardly be plane 
waves. Nevertheless, the experimental points are in good 
agi-eement with the plane-wave theory. Inasmuch as agi-ee- 
ment is shown throughout the freciueiicy range investigated 
(X=0.4/e to 57le), there appears to be no practical length 
limitation on the plane-wave theory for expansion chambers. 

Effect of shape. — The effect of shape variations is shown 
in figure 9 (c). Tapering either or both ends of the chamber 
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has little effect on the mufTler performance excei)t for some 
loss of attenuation near 700 cycles per second. The acousti- 
cal length of these mufflers was measured from the longi- 
tudinal center of the tapered sections. Although the 
mufllers are relatively insensitive to the steep tapers tested, 
it is probable that long slender tapers would act as horns 
and would tend to reduce the mufller effectiveness severely 
at the high freciuencies. This effect is demonstrated in 
figure 10, which shows the attenuation for conical connectors 
as a function of the wave length, taper length, and expansion 
i-atio. The eurves of figure 10 were calculated from the 
equation 


Attenuation=10 logio 



where and <r=47r — This equation was derived from 

Si X 

eciuation (3.97) on page 86 of reference 1. 

Changing from a cLrcular to approximately elliptical cross 
section with the cross-sectional area held constant resulted 
in a loss of attenuation above 600 cycles per second (muffler 
11, fig. 9 (c)). At this frequency the wave length is slightly 
less than the length of the major axis of the ellipse. The 
loss of attenuation is probably due to the appearance of a 
higher-order vibrational mode as was found in the case of 
mufTler 4. The solution of the wave equation in elliptic 
coordinates (ref. 10) shows that the critical frequency for 
the mode which was found to limit the circular muffler 4 
(the Ho mode in electrical terminology) is actually increased 
as the chamber beeomes elliptic, whereas the measured 
critical frequency for muffler 11 is much lower than for a 
circular muffler of the same perimeter. Thus, some other 
vibrational mode, with a lower critical frequency, must be 
responsible for the loss of attenuation of muffler 11 above 
()00 cycles per second. The lack of circular symmetry in 



(c) Effect of shape. 
Figure 9. — Concluded. 


Figure 10. — Acoustical characteristics of truncated cone. (See 

ref. 1, p. 86.) 
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the elliptic case suggests consideration of the elliptical inodes 
comparable to the iinsymmetrical circular inodes. Reference 
10 describes two such modes oriented at I’ight angles to each 
other. The mode which most closely matches the measured 
critical frequency is the odd Hx mode. 

In connection with the effect of changes of shape, reference 
9 shows that large flat walls should be avoided wherever 
possible because of their tendency to vibrate and thus 
transmit exhaust noise energy to the atmosphere. 

MULTIPLE EXPANSION CHAMBER 

Equations are developed in appendix A for the attenuation 
of double expansion chambers with external connecting tubes 
and with internal connecting tubes. The method used in 
appendix A may also be used to develop equations for three 
or more expansion chambers connected in series. The data 
to be presented include calculated attenuation curves for 
the double expansion chambers. 

Effect of number of chambers. — The effect of increasing 
the number of expansion chambers in a muffler is shown in 
figure 11 (a) where data are presented for mufflers of one, 
two, and three chambers. The maximum attenuation is 
shown to increase as the number of chambers is increased, 
although the addition of the third expansion chamber results 
in only a small increase in the measured attenuation. Be- 
cause the attenuation of the three-chamber mufller was 
found to be quite similar to that of the two-chamber muffler, 
it appears that the addition of a third chamber will result 
in little increased attenuation for mufflers of practical con- 
struction. For this reason and because of the increased 
complexity of the calculations, the theoretical attenuation of 
muffler 13 was not calculated. A region of low attenuation 
is encountered at the lower frequencies with the multiple 
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expansion chambers. This region is predicted theoretically 
and will be discussed further. In the case of muffler 12, the 
calculated values agree fairly well with experiment down to 
a wave length about equal to the length of one of the 
chambers. 

Effect of connecting-tube length with an external con- 
necting tube. — Figure 11 (b) show^s the effect of changing 
the length of the tube connecting the expansion chambers 
when this connecting tube is external to the chambers. 
The frequency at which the low-frequency pass region 
(region of relatively low attenuation) occurs is shown to 
decrease as the length of the connecting tube is increased. 
An approximate formula for the upper-frequency limit, 
which is called herein the cutoff frequency, of this low-fre- 
quency pass region has been developed and is included as 
equation (A18) in appendix A. Cutoff frequencies deter- 
mined from this equation are compared w ith those determined 
from the more exact equation (A 17) in table II. The 
maximum attenuation in the first attenuating band above 
the low-frequency pass region is shown to increase as the 
connecting-tube length is increased. With the longer con- 
necting tubes, regions of low attenuation, with a width of 
50 cycles per second or more, occur between the large loops 
of the attenuation curves. These pass bands would be 
objectionable in a muffler if a significant amount of exhaust 
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(a) Effect of number of chamber.s. 

Figure 11. — Miiltiple-expansion-chamber mufflers. 


(b) Effect of connecting-tube length with an external connecting tube. 
Figure 11. — Continued. 
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TABLE IT— ( UTOFF FRIX^UENCY FOR DOUBLE EXPANSION 

CHAMBERS 

[c=1140 fps] 


Mufflor 

7Jl 

/.. ft 

Ic, ft 

fe, Cps 

Appro.ximate 
(cq. (A18)) 

E.xact 
(oq. (A17)) 

12 

Ifi 

2 

0. 10 

85.8 

86. 1 

14 

If) 

2 

.25 

.59. 9 

.59. 1 

15 

If) 

2 

.50 

44.0 

43.3 

If) 

If) 

2 

1 . 00 

31. 7 

30. 6 

17 

If) 

2 

.25 

59.9 

60. 6 

. 18 

16 

2 

.50 

44.0 

43.8 

19 

If) 

2 

1.00 

31. 7 

31. 7 

20 

If) 

2 

1..50 

26. 1 

25. 9 

21 

4 

1 

..50 

123.2 

122.4 

22 

9 

1 

..50 

84. 0 

83. 9 

23 

1 

If) 

3 

1.50 

21.2 

21.2 


noise \vus present within these bands. The calculations and 
experiment are in agreement down to a wave length about 
equal to the length of one of the chambers. 

Effect of connecting-tube length with an internal connect- 
ing tube. - Figure 11 (c) shows the effect of connecting-tube 
length when the connecting tube is symmetrically located 
inside the expansion chambers. The low-frequency jiass 
region is again present and the frequency at which it occurs 
is again lowered as the connecting-tube length is increased. 
The cutoff freiiuency may be found approximately by using 
the same formula as in the case of the external connecting 
tidies (ap])endix A). The maximum attenuation in the first 
attenuating band above the low-frequency pass region is 
again increased as the connecting-tube length is increased. 
Also, pass regions are again encountered at the higher fre- 
quencies. The calculations again seem valid throughout 
most of the range investigated. When extremely high values 
of attenuation are calculated, the measurements are not 
accurate because of limitations of the apparatus. (See sec- 
tion entitled ‘‘Methods and Tests.”) Very interesting re- 
sults were obtained with muffler 19, for which the connect- 
ing-tube length was the same as the chamber length. The 
pass frequency at about 280 cycles per second, which is 
due to half-wave resonance of the expansion chambers, was 
eliminated. Although the attenuation did decrease in this 
region, the minimum attenuation measured was 27 decibels. 
The elimination of this pass region could prove quite useful 
in the design of a muffler which is recpured to attenuate 
over a wide frequency band. Further calculations and ex- 
periments have been made to investigate this phenomenon. 

Effect of having the internal-connecting-tube length equal 
to the chamber length. — Results are shown in figure 11 (d) 
for four mufflers of different expansion ratios and lengths 
which had the common feature of an internal connecting 
tube of the same length as one of the ex])ansion chambers. 
The results show, in all cases, that the pass region which 
normally occurs when the length of the expansion chamber 
is one-half the wave length is eliminated. This region is 
replaced by a region of reduced attenuation. The calcula- 
tions for mufller 23 show that this phenomenon again occurs 
when the mufller length is 3/2 times the wave length. The 
pass region which occurs when the mufller length is equal 
to the wave length is not affected. The calculations show 







(c) Effect of connecting-tube length with an internal connecting tube. 

Eciuation (A 17). 

Figure II. — Continued. 

regions where the attenuation increases rapidly to infinity. 
Except for some discrepancy shown by the lower attenuation 
points in these regions, the calculations agree moderately 
well with the measurements down to a wave length about 
eciual to the length of one of the chambers. The experi- 
ments, which were performed in advance of the detailed 
attenuation calculations, do not show points of extra- 
ordinarily high attenuation in these regions. A careful 
experimental survey which has since been made on another 
muffler of this general type, however, revealed in each such 
region a point of very high attenuation which was so sharply 
tuned that it appears to have no practical value. 

Figure 9 (b) shows that, if a broad attenuation band is 
desired with a single exj)ansion chamber, the chamber 
length should be reduced, but this reduction lowers the 
attenuation at low frecpiencies. If a longer doulile expan- 
sion chamber of the type shown in figure 11 (d) can be used, 
a broad attenuation band may be obtained without the loss 
of low-frequency attenuation, if the cutoff freciuency is not 
too high. (Compare mufflers 6 and 19.) 
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(d) Mufflers with internal connectin^^ tubes equal in length to the 
individual chamber lengths. Equation (A 17). 

Figure 11 . — Concluded. 


PRINCIPLES OF SINGLE-('HA.MBER RESONATORS 

Figiiro 1 (b) is a sketch of a typical resonator-type muffler 
which consists of an enclosed volume surrounding the ex- 
haust pipe, the volume being connected to the exhaust pipe 
through two short tubes. The pressure fluctuations in the 
exhaust pipe are transmitted to the volume chamber through 
the two small connecting tubes. Since these tubes are short 
compared to the wave length of the sound, the phase differ- 
ences between the two ends of the tubes can be lu'glected. 
Thus, the gas in the tubes can be considered to move as a 
solid piston of a certain mass upon which the tube walls 
exert a certain viscous or friction force. As this effective 
piston of gas moves in and out, the gas inside the volume 
chamber undergoes alternate compression and expansion. 
The attenuation of such a resonator can be computed by 
substituting equations (B7) and (B8) into equation (B4) of 
appendix B. In a large number of practical cases, the fric- 
tion force between the air and the walls of the connecting 
tube is sufficiently small that it can be neglected in compar- 
ison with the mass forces acting on the air in the connecting 
tui)e and the compression forces within the volume chamber. 
Because of this fact, the equation for the attenuation of 
a frictionless resonator is also presented in appendix B 
(eq. (BlO)). 

Single resonators of two very different physical configura- 


tions were investigated. The first configuration consisted 
of a resonant chamber located as a branch from the exhaust 
pipe. These resonators were, in general, relatively small 
and the calculations included viscous forces in the connecting 
tubes. In the second configuration, the resonator was an 
annular chamber surrounding the exhaust pipe (fig. 1 (b)). 
The resonators of this configuration, wei-e generally somewhat 
larger than those of the first configuration and viscous forces 
were omitted from the calculations. 

BRANCH RESONATORS 

Effect of varying resonator volume— The effect of varying 
the chamlier volume of a resonator is shown in figure 12(a). 
The calculated and experimental curves are in general agree- 
ment although there is here, as in the succeeding data of 
figure 12, a general tendency for the mufller to give a higher 
than calculated attenuation at fre((uencies above resonance 
and a lower than calculated attenuation at the resonant fre- 
(jiiency. As the calculations indicate, decreasing the volume 
V raises the resonant freciuency. These resonators are quite 
effective at the resonaiit frequency but the attenuation falls 
ofl rapidly at lowei* or higher fi*equencies. 

Effect of varying Co and V with the ratio ^Co/V constant. — 
figure 12(b) shows the effect of varying Co and V together 
while keeping their ratio constant. The resonator (‘quation 
states that the resonant freque ncy of a groiq) of mufflers 
should be constant if the ratio V^o/F is constant. This ratio 
will be called the resonance parameter. Mufflers 27 and 25 
ai*e found to have the same resonant frequency, but muffler 
27 has a broader region of attenuation. This broader attenu- 
ation region is predicted by the theory and is due to the 
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(a) Effect of volume V. Equation (B4). 


Figure 12.— Single-chamber resonators with resonator chambers 
separate from tailpipe. 
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(b) Effect of varying volume and conductivity Cq together, 
with V^o/1^ constant. 

Figure 12. — Continued. 


larger values of l)otli Cq and V for miifller 27. The value of 
the parameter which will be called the attenuation 

parameter, is increased to more than twice that lor mu filer 25. 
The data for mufller 28 show a decrease in the resonant 
freciuency. This ap])arent (‘ontradiction ol the theoiw is 
due to the fact that the connecting tube in mufller 28 is not 
negligibly short com])ared to the wave length. The calcu- 
lated attenuation curve for mufller 28 was obtained by taking 
into ac(‘Ount the wave nature of the sound How in the con- 
necting tube. (See appendix B, eq. (Bll).) At the resonant 
frequency of this muffler, the length of the connecting tube 
is of the order of one-fifth of the wave length. 

Effect of varying cross-sectional area of the connecting 
tube. -Increasing the connecting-tube area increases Cq] 
thus, the values of b^ the resonance and attenuation 
parameters -\lcolV and are increased. Consequently, 

the resonant frequency is increased and the attenuation 
region becomes l)roader (fig. 12(c)). A comparison of 
mufllers 29 and 30 shows that, if an attempt is made to 
obtain low-frequency attenuation simply by decreasing Cq, 
the result may be very disappointing. Both the magnitude 
of the attenuation and the width of the attenuation region 
decrease as Co deci-eases. 

Effect of varying length of connecting tube. -Increasing 
the connecting-tube length decreases Cq and, therefore, has 
the opposite effect from an increase of the connecting-tube 
area. This is shown in figure 12(d). Note again that, when 
the resonant frequency is decreased without changing the 
volume, the attenuation region becomes narrower. 


Effect of changing connecting-tube configuration with 
Co held constant. — Although the conductivity Cq, is an im- 
portant quantity in the attenuation equation, the plyysical 
configiu’ation of this conductivity enters into only the 
vis(‘ous resistance term which is very small for most of the 
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(d) Effect of length of connecting tube. Equation (B4). 
Figure 12. — Continued. 
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resonators tested. Thus, the charaeteristies of a resonator 
are theoretically nearly independent of the manner in which 
the conductivity is obtained. The actual effect of clianges 
in the pliysical configuration of the conductivity was investi- 
gated by testing three mufllers which had different connect- 
ing tubes but the same Co and V (fig. 12 (e)). Although 
mufilers 26 and 33 give about the same results, mufiler 34, 
which has the smallest connecting tube, gives loss attenua- 
tion than either of the other mufilei's. In this connection, 
a definite, though often unrecognized, limitation of the 
limairized acoustic theory is of interest. If the three 
resonators in figure 12(e) are to have the same attenuation, 
it is necessary that the mass flow in the connecting tubes 
be the same. But this condition requires a higher velocity 
as the tube diameter is reduced. Inasmuch as the linearized 
theoiy requires that (he changes in velocity, pressure, and 
density be small, it follows that for a given pressure in the 
exhaust pipe a limiting tube diameter exists below which the 
velocity is so high that the theory is not valid. This 
})henomenon has an important beailng on the design of 
engine-exhaust mufilers. The velocity in a connecting tube 
of fixed diameter will increase as the sound-pressure level 
in the exhaust pipe increases. Inasmuch as the sound 
pressures inside an engine exhaust pipe are extremely high, 
care must be exercised to avoid a connecting tube which 
is too small to permit the required flow into and out of the 
chamber. Apparently this muffler limitation has never been 
investigated on an actual engine. Mufiler configuration 
30 of reference 9, however, is interesting in this connection. 
The performance of this mufiler was initially disappointing, 
but when additional conductivity holes were added (con- 
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figuration 31, ref. 9) the attenuation was markedly improved, 
even though the Cq was much larger than was desired. 
Perhaps this muffler would have been even better if the 
) 4 -inch orifices had been rej)laced by a few’ tubes of ^ 4 -incli 
to 1-inch diameter wdiicli had the same Co as the } 4 -inch 
orifices. 

CONCENTRIC RESONATORS 


In general, the resonators so far discussed have had 
relatively narrow' attenuation bands. They w’ould be 
useful in quieting a fixed-frequency noise source but are 
inadequate for use on a vai-iable-speed engine or even on a 
fixed-speed engine with objectionable noise spread over a 
wdde frequency band. For engines of these types a much 
broader attenuation band is desired. Basically, a broader 
band requires increased chamber volume and conductivity. 
Results are presented in figure 13 for single-chamber i*eso- 
nators of larger volume than those presented in figure 12. 
fifiie mufilers showm in figure 13 are of conventional arrange- 
ment with the chamber located concentric wdtli the exhaust 
pipe. 

Effect of varying \CoVl2S with the resonance parameter 
constant. -The data of figure 13(a) show the expected 
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Figure 12. — Concluded. 


resonance parameter y constant. Equation (BIO). 

P'lGURE 13. — Single-chamber resonators with resonator chambers 
concentric with tailpipe. 
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broadening of the attenuation region as the value of the 
attenuation parameter is increased Avhile tlie resonance 
parameter is kept constant. The resonant frequency 
was constant as predicted by the theory. Viscous forces were 
omitted from the calculations for these and all other mulllers 
sliown in figure' 13. 

A similar investigation was made with the resonators 
tuned for a higher frequency and with orifices used for the 
connector instead of tul)es (fig. 13 (b)). All four mutllers 
were designed for a resonant fre(iuency of 280 cycles per 
second, but mufflers 40 and 41 resonate at higher frequencies. 
In each of these two mufflers the conductivity was much 
higher than was expected. This result illustrates a serious 
])roblem in muffler design— that of predicting the conduc- 
tivity of a grou]) of orifices. This jiroblem is considered 
further after the multiple-resonator data have been discussed. 
The calculated curves for mufflers 40 and 41 were obtained 
by using the Cq as determined from the measured resonant 
f]‘e([uency and the chambei* volume. No definite resonant 
fr('(iuency was oi)served for muffler 42. 

The measured attenuation of mufflers 41 and 42 falls 
Ih'Iow the calculated curves in the region near (iOO cycles {ler 
second. The chamber is about one-half wave length long at 
this fre(|uency and thus violates the theoretical assumption 
that the dimensions of the chamber are small com])ared to 
the wave length of the sound. Muffler 40, however, does not 
show this loss of attenuation at 000 cycles per second. 
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Effect of varying 
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Equation (BIO). 


Effect of varying the chamber length and connector loca- 
tion with the chamber volume constant. —A group of mufflers 
was investigated in which the length and diameter of the 
resonator chamber and the location of the connector were 
varied while holding the chamber volume and the connector 
configuration constant (fig. 13 (c)). The measured attenua- 
tion of muffler 41 agrees with the calculated values exce])t for 
the previously mentioned dip at bOO cycles ])er second. The 
resonator theoiy gives the same calculated attenuation for 
all of the mufflers shown in figure 13 (c). Actually no two of 
the five mufflers have the same measured attenuation. The 
explanation is found in the length of these mufflers. At the 
frequency at which muffler 41 resonates, the length of muffler 
43 is about two-thirds of the sound wave length; therefore, 
it seems necessary to consider the wave nature of the sound. 
With this consideration, it is found that, when the distance 
from the connector to the end of the chamf)er is ajiproxi- 
inately one-fourth wave length, the reflection from the closed 
end of the chamf)er is 180° out of phase with the incoming 
pressure wave at the connector location. This results in 
high attenuation. For the configuration of muffler 43 
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(centrally located connector), this condition occurs when the 
muffler length is one-half the sound wave length. Inasmuch 
as this condition is satisfied at a frectuency lower than the 
resonant frequency pi*edicted fi’om the values of Co and V, 
the fact that the resonator calculations fail to predict the 
characteristics of this muffler is not surprising. 

Because the resonator theory was inadequate for mufflers 
43 to 46, it was necessary to develo]) a different theory, based 
on the distributed impedance of assumed plane waves in the 
chambers. An ecjuation derived for this case (appendix B, 
eq. (B13)) was used to calculate the attenuation of mufflers 
43 to 46. In applying ecjuation (Bl3) to the mufflers with 
the Co in the center (mufflers 43, 44, and 46), the chambers 
wei*e considei*ed to be the equivalent of chambei’S of twice the 
cross-sectional area and half the length of the actual chambers. 
Thus m was replaced by 2m, S 2 by 2&, and L by in making 
the calculations. The value of Co for these mufflers was 
first assumed equal to the measured Co value for muffler 41, 
because the hole configurations were identical. The result- 
ing attenuation curves are shown by the solid lines in figure 
13 (c). The calculated curves (solid lines) did not give the 
correct resonant frequencies. Consideration of the sketches 
of these mufflers indicated that it was jirobably incorrect to 
assume a constant Co for this group of mufflers. 

A simple consideration can be used to show that the Cq is 
a function not only of the connector but also of the objects 
which it connects. Consider a thin baffle, containing a 
small orifice, ])laced in a tube of very large diameter. The 
Co of the orifice then equals the orifice diameter. If, now, 
the diameter of the large tube be continuously decreased 
until it reaches the orifice diameter, the same orifice will 
simply form part of the tube and the Cq will be infinite. In 
figure 13 (c), the effective area ratio between the exhaust 
pipe and the outer chamber varies from 27.7 to 4.3, and it 
seems reasonable to expect that as this ratio decreases and 
the pipe and chamber areas become better matched the Cq, 
for the same orifices, will increase. As a test of this 7 *eason- 
ing, the attenuation was calculated for muffler 43 l)y using 
Co=6.60 and for mufflers 44, 45, and 46 by using the limiting 
value Co=oo. Comparison of the dashed and solid curves 
with the experimental data shows that the Cq must be much 
higher for these mufflers than for mufllej’ 41. 

A comparison of the simple resonator theory with the 
more exact plane-wave theory will lielp to define the limita- 
tions of the simple theory, which is a ^‘lumped impedance’’ 
theory. The impedance of the volume chamber is given as 

— i cot kl 2 
02 

by the plane wave or 'hlistributed impedance” theory (note 
se(‘ond term of eq. (B12)). If the assumption is made that 

tan kl 2 ~kl 2 =~ lo, the chamber impedance l)ecomes 


This is the value used in the lumped-impedance theory, and 
the difference in chamber impedance is the only difference 
between the two theories. When I 2 is one-eighth of the 


sound wave length, this difference is about 10 percent of 
the chamber impedance, and the error increases as the ratio 
/ 2 /X increases. Because cot kU is a cyclic function, the 
disti‘ibuted-impeflance theory predicts a series of resonant 
frequencies, whereas only a single j*esonant frequency is 
predicted by the lumped-impedance theory. The experi- 
mental results show that with the appropriate value for Cq 
the distributed-impedance theory is valid throughout the 
frequency range for mufllei*s 43 to 46, inclusive. 

Comparison of the two theories indicates that the lumped- 
impedance theory is valid in the region near and below the 
first resonant frequency if I 2 is less than one-eighth of the 
wave length at the resonant frequency. In ordei* to compare 
furtlier the two theories, the attenuation of muffler 41 has 
been calculated by both methods. The value of Cn, computed 
l)y the (listributed-impedanee theojy from the measured 
resonant frequency, was found to be almost double the value 
that was irsed in the lumped-impedance calculation (fig. 
13 (c)). The attenuation calculated with this higher value 
of Co in the distributed-impedance equation (Bl3), however, 
differed from that calculated with the lumped-impedance 
equation by a maximum of only 1.4 decibels at a frequency 
of 700 cycles per second. Thus, in the case of muffler 41, 
the lum})ed-impedance theory has been extended to a case 
where L is 0.175 times the resonant wave length by the 
expedient of using a fictitious value of Co that is much lower 
than the actual Co as given by the distributed-impedance 
theory. This fictitious value of Cn was detei-inined by using 
the equation 



fjnin the lumped-imj)edance theory and by using the meas- 
ured resonant frequency to determine kr. 

A comparison of the results for miifllers 41 and 45 shows 
that the attenuation region between two consecutive pass 
regions is wider when the conductivity is in the center of 
the muffler tlian when it is at one end, because of a decrease 
in the effective chamber length and an increase in the effec- 
tive area I’atio. TJie effect of the difference in chamber 
length, which changes the resonant frequency, can be elimi- 
nated by dividing the width of the attenuation region for a 
})articular muffler by the resonant frequency of that muffler. 
A comparison on this basis shows that in the first attenuation 
band muffler 44 provides 10 decibels or more of attenuation 
over a frequency range of about 1.2 times the resonant 
frequency, while muffler 45 provides this attenuation over a 
range of only 0.8 times the resonant frequency. This 
difference in relative width of the attenuation bands is due 
to the difference in tlie effective area ratios. Mufflers i)ased 
on this phenomenon of plane-wave resonance of the chambers 
are discussed further in a subsequent section of this report. 

Venturi-shaped central tube. — The data that have been 
presented show that the width of the attenuation band can 
be increased by increasing the value of the attenuation 
pai*ameter ycolV^-S'. It is obviously possible to increase the 
value of this parameter without increasing the external size 
of a muffler if the area S is reduced. A significant reduction 
of the exhaust-pipe and tailpi])e area is, however, impractical 
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or iRosl aircraft engines becanse of the resultant inci’ease in 
engine back ]iressnre. An idea for avoiding this difFiculty 
has nevertheless been devised. It was believed that a 
significant decri’ase in the central-tube area at the connector 
lo(‘ation might be obtained without excessive back pressure 
if the central tul)e of the muffler were built in the shape of a 
venturi with the connector located at the throat. The 
acoustics of sucli a muffler were investigated by designing 
and testing a irufller with the same external dimensions as 
muffler 40 but with a venturi-sha])ed central tube which 
reduced tlu' arcai at the connector by a factor of four. The 
data of figure (d) show that tlie modified muffler 47 
])rovi(l(‘s much irore attenuation than muffler 40. I his 
incri'ase is jiarticulai’ly striking in the region above the 
resonant frcapu'ncv. Foi* comj)arative j)ur])oses, a llieoretical 
cui’ve is shown wliich gives the attenuation of a muffler 
having the same values of Co and V as muffler 47 but which 
has an (‘xliaust pijie of constant diameter e([ual to tlie 
minimum diameter (1.5 in.) of the j)ipe of muffler 47. tor 
frecpKUicies al)OV(‘ about 70 percent of the resonant fi*e(iuency, 
muffh'r 47 provides approximately the attenuation of such 
a muffler, 'fluis, in cases where some additional back 
l)ressure is permissible, the venturi-shajied central tube is a 
powerful means for increasing the attenuation of a mufller 
of fix(‘d exteinal dimensions. Design curves based on 
equation (BlO) show that a significant attenuation increase 
is obtained if the area is reduced by a factor of two. 

MULTIPLE RESONATORS 

if it is desired to increase the amount of attenuation from 
a resonator-tyiie muffler, one obvious ])Ossibility is to com- 
bine two or more resonators in a single muffler. A muffler 
of this type with two consecutive identical resonators is 
discussed in reference 8. An equation for the attenuation 
is included along with other a])])roximate ecpiations useful in 
the ])r(‘liminary design of such mufflers. Tlie attenuation 
e(| nation of reference 8 has been modified in ap])endix B 
(eep (B15)) to emphasize the important ])arameters. In 
addition to the attenuation ])arameter ^,CoV/2S and the 
resonance parameter /co/V, the distance between connectors 
/i is found to be a third important parameter, "fhe attenua- 
tion is directly proiiortional to tlie number of resonant 
chambers in the muffler. The validity and range of appli- 
cation of this attenuation equation have Ixam investigated 
bv testing a group of mufflers of the multijile-resonator 
type (fig. 14). 


Muffler 

47 


(d) 


Theoreticol 

o Measured 



(d) Effect of venturi-shape contraction in central tube. 
E(piation (HlO). 


Effect of number of chambers. -The calculated and meas- 
ured attenuation characteristics of mufflers composed of 
one, two, and three consecutive resonators are shown in 
figure 14 (a). For the single-chamber resonator, mufller 48, 
the attenuation has been calculated by both the multiple- 
resonator eciuation and the ecpiation used in the ])receding 
section for single resonators. The single-i-esonator equation 
is fairly accurate for wave lengths longer than 4/2 but is 
considerably in (UTor for shorter wave lengths (higher fre- 
(piencies). As would be expected, however, it does predict 
the resonant friTiuency. The multiple-chamber equation is 
inaccurate through most of the range but predicts the 
resonant frequency and the pass fre([uencies accurately. 
Inasmuch as the multiple-resonatoi' formula is derived for 
an infinite filter of identical chambers, the experimental 
results show that a single resonator produces less attenuation 
than is predicted for one resonator of an infinite filter. 

The data for mufflers 49 and 50 show that the attenuation 
increases with the number of chambers. Ijimitations of the 
apparatus i)revented the measurement of the extremely high 
j)eak attenuation of these mufflers. General agreement witn 
the theory is found except at the higher frequencies. Thei'c 
is some question as to the cause of the loss of attenuation 
at high frequencies. Since the attenuation, even though 
less than predicted, is still quite high, it is not certain that 
failure of the attenuation equation is responsible. Vibration 
of the muffler walls may be transmitting high-freciuency 
sound into the tailpipe. Also, the leakage of external noise 
into the microphone at the measuring stations, which limited 
the maximum measurable attenuation at lower frequencies 
to about 50 decibels, may have increased at the higher 
fVeciuencies, so that the measurable attenuation is limited 
to somewhat less than 50 decibels. 
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Effect of diameter with resonance parameter constant. — 
If tlio diameter of the muffler is increased while the resonance 
parameter remains constant, the value of the attenuation 
parameter will increase. The experimental data of figure 
14 (b) confirm the tlieoretical prediction that this increase 
in the value of the attenuation parameter will result in an 
increase in both the magnitude of the attenuation and the 
width ot the first attenuation band. The low frequency 
cutoff* occurs at lower frequencies as the diameter is in- 
creased. The cutoff frequency for these three mufflers has 
been computed in three difi'erent ways. The results are 
shown in the following table: 


( 

Muffler 

Values of/e 

Exact 
(oq. (B15)) 

Approximate 
(eq. (B16)) 

Equation 
(B3) of ref- 
erence 8 

1 

1 

87.0 

87.3 

146. 5 


63.2 

63.5 

93.8 

: 53 1 

40. 1 

40.4 

45.7 


This table shows that for these particular mufllers equa- 
tion ^'IjIG) is sufficiently accurate for preliminary design 
calculatioi».s The assumption made in obtaining equation 
(B3) of reference S, however, is not ])ermissible for these 
mufflers. 

Although both mufflers 51 and 52 show a sharp drop in 
measured attenuation at the predicted cutoff frequency, the 
attenuation does not drop to zero until well below the pre- 
dicted cutoff frequency. This lack of agreement may be 
duo to the fact that the mufflers had only two chambers, 
whereas the theoretical cutoff frequency was based on an 
infinite number of chambers. It is known that for a single 
chamber the cutoff frequency is zero, and it seems plausible 
that/- may approach the predicted value only as the number 
of chambers becomes large. 
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Figurk 1 4. — Continued. 


Effect of length. -Mufllei*s 53 and 54 differ in both length 
and volume but the resonance parameter has been kept con- 
stant (fig. 14(c)). Comparison of these two mufllers shows 
that increasing the length deci*eases the frt'quency at w^hicli 
the first upper pass band occurs. The attenuation character- 
istics of muffler 55 are of an altogether different type. It 
has been pointed out in connection with single resonators 
that an attenuation curve of this type is characteristic of 
mufllers in which the plane-wave nature of the sound in the 
chamber is predominant. Muffler 55 is so long that the 
plane-wave resonance occurs in the chambers at a lower 
frequency than the volume resonance. Consequently, it 
has been necessary to consider the wave nature of the sound 
field in the chambers in making the calculations. This was 
accomplished by making use of equation (Bl2) for the branch 
impedance. The dashed curve shows the attenuation of 
two chambers of an infinite filter and was obtained by sub- 
stituting equation (Bl2) for in equation (B14). The 
solid curve shows the attenuation of a two-chamber muffler 
terminated by an infinite tailpipe and was obtained by using 
equation (C8) in equation (C7). The branch impedance 
was again obtained from equation (Bl2). The attenuation 
of mufller 54 has also been computed by using ecpiation 
(B12) for the branch impedance. The results, shown by the 
dashed curve, indicate that the sudden increase in attenuation 
at frec|uencies of 320 and 600 cycles per second is due to 
length resonance in the chambers. 
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MiilHor 5() (lifl’ors physically from mulllcr 54 in length 
alone. This (h'crease in length, howc^ver, affects all three 
mnlfler ])aramcters. The result is an increase in the cutoff 
frequency, an increase in the resonant frecpiency, an increase 
in the width of the first attenuation hand, and an increase in 
the width of the first upper jiass hand. 

Effect of conductivity. Figure 14(d) presents results for a 
group of inidHers identical except for values of Cq. In all 
cases, tuh(*s were used to obtain the conductivity. In 
general, the effects of increasing the conductivity are cor- 
rectly predicted l)y the theory. For instance, both the ex- 
periment and the theory show that the cutoff and the resonant 
fre(pieiicies are raised, the first attenuation hand is widened, 
and the first uj)j)er pass hand is narrow(‘d. The attenuation, 
however, did not drop completely to zero at the calculated 
cutoff frecpiency. Muffler 57, which had a very low con- 
ductivity, failed to iiroduce the high attenuation predicted 
near the resonant freciuency. This is believed to he due to 
viscous effects. Another indication of the efh'ct of viscosity 
is obtained by comparing mufllers 59 and 00. Although 
both muflh'is had the same values of Co, mufller 00, which had 
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larger diameter tubes, gave more attenuation at fre^iuencies 
near resonance. The first attenuation band extended to 
higher frequencies than were ])redicted for both of these 
mufflers, although the attenuation was less than 10 decibels 
at these higher frecpiencies. 

Figure 14(e) shows results from a group of mufllers similar 
to those shown in figure 14(d). In this case, however, orifices 
wer(‘ used to obtain the conductivity. The trends are (piite 
similar to those shown in figure 14(d). Note from the ex- 
perimental data that, if the value of Co is sufficiently high, 
the first upper pass band is narrowed until it is almost elim- 
inated. At the same time, however, the cutoff frequency 
is continually increased. 

Elimination of the first upper pass band. — Consideration of 
equation (Bl5) indicates that it might be possible to elimi- 
nate the first upper jiass band (sin Wi = 0) bv choosing 
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the resonant frequency such that 7-=! when sin A7i—0. 
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(e) Effect of conductivity Co using orifices. Equation (Bio). 
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tlio usual construction of mufllcrs of this type, however, 
the chamber length is equal to /j. Then when krlx = 'K, 

kj, 2 =^ and the wave length is one-half the chamber length. 

Therefore, the chamber cannot jiroperly be considered as a 
lumped impedance at the resonant frequency. If plane-wave 

motion is assumed in the chamber, kr will approach J 

only as the value of Cq approaches infinity (see eq. (Bl2)). 
In order to determine whether it is possible in practice to 
eliminate the first upper pass band, mufller 67 was built. 
This mu flier was tested after most of the data presented 
herein had been analyzed. In order to allow the measure- 
ment of liigher values of attenuation than those in the 
l)revious tests, the experimental a])])aratus was reassemlded 
in another location with the loud-speaker outside the room 
in which the measurements were made. The exhaust pipe 
entered the room through a hole in the wall wliich was 
sealed with sponge rubber. The tailpipe extended out the 
other end of the room through a similar hole. With this 
arrangement, it was possible to measure an attenuation of 
65 decibels. 

Two theoretical curves are presented in figure 14(f). The 
solid curve, which shows the complete elimination of the 
pass band, was calculated for The dashed curve, 

which shows a very narrow pass region, was calculated for 
Co=9.95. The experimental jioints follow the solid curve 
up to about 340 cycles per second. In the critical first 
upper pass region, however, the measured attenuation drops 
from 65 decibels at 340 cycles per second to 29 decibels at 
360 cycles per second, then rises sharply to 51 decibels at 
380 cycles per second, drops again to 24 decibels at 400 
cycles per second, and then begins to rise again. Both 
the initial drop and the final rise parallel the dashed curve 
(co=9.95), but the theory gives no explanation for the 
intermediate peak attenuation of 51 decibels which occurs 
at the point where the dashed curve goes to zero. Of 
course the actual behavior of a muffler in this very critical 
region cannot be accurately predicted without including 

viscous terms in the impedances. When ^=1 the branch 

Jr 

reactance is zero, and when sin kli = 0 the pipe reactance 
is zero. Since these events both occur at nearlv the same 
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frequency for mufller 67, only the resistances are left to 
control the sound flow. Therefore, it is inaccurate to 
neglect them in this region. 

The points at about 360 and 400 cycles per second were 
determined by careful survey to be points of minimum 
attenuation. Thus, the experimental results prove that it 
is possible to obtain significant attenuation in a frequency 
region which is normally a pass band. The second upper 
pass band, howevei*, was not eliminated. 

CONDUCTIVITY PREDICTION 

The results that have been presented show that the con- 
ductivity is a very important physical quantity which 
enters into the determination of both the resonant fre- 
quency and the amount of attenuation for resonator-type 
mufflers. It is unfortunate, therefore, tliat tJie conductivity 
should be, as has been mentioned in the section entith'd 
^Theory, a somewhat elusive quantity to predict. In an 
attempt to eliminate some of the uncertainty regarding 
the prediction of Co, it was computed by the following equation 
for those volume-controlled resonators which showed a 
well-defined resonant frc'quency: 

2 

__ Ta 

Two values for tt/2 and tt/4, were used. Where more 
than one connecting element was used, the calculated con- 
ductivity of a single element was multiplied by /?, the number 
of elements. The results of this calculation are tabulated 
in table III along with the values of Cq, that are listed beside 
the corresponding attenuation curves. In each case, the 
listed Co was used in calculating the theoretical curve. 

The data of table III indicate that, within the range of 
this investigation, when tube connectors are used, j3 may be 


TABLE III.— COMPARISON OF CALCULATED co VALUES 
WITH fo VALUES LISTED IN FIGURES 12 TO 14 


1 

Number 
of connec- 
tors per 
chamber 

Number 
of cham- 
bers 

le, in. 

i 

1 

2a, in. 

Calculated co, ft 

Listed Co, 
ft 

Muffler 1 


1 II 

Tube connector to chciinber 

24 

1 

1 

6.8 

2.0 

0. 034 

0. 031 

0. 0308 

25 

1 

1 

6.8 

2.0 

.034 

.031 

. 0308 

26 

1 

1 

6.8 

2.0 

.034 

.031 

. 0308 

27 

1 

1 

2. 16 

2.0 

.089 

.070 

. 0702 

29 

1 

1 

6.8 

1.0 

.009 

.009 

. 0086 1 

30 

1 

1 

6.8 

3.0 

.074 

.064 

. 0644 

31 

1 

1 

.43 

2.0 

.215 

. 131 

. 1309 1 

32 

1 

1 

13.6 

2.0 

.018 

.017 

.0172 1 

33 

1 

1 

3.0 

1.4 

.036 

.031 

. 0308 1 

34 

1 

1 

1.28 

1.0 

.039 

.032 

. 0308 1 

37 

1 

1 

1.75 

1.0 

.031 

. 026 

.026 i 

38 

1 

1 

1.66 

1.5 

.066 

.052 

. 052 1 

58 

4 

2 

.25 

.5 

. 147 

. 102 

. 100 

59 

4 

2 

1.00 

1.0 

. 188 

. 147 

. 140 1 

60 

4 

2 

3.00 

1.5 

. KU 

. 141 

. 140 1 

Orifice connector to chamber | 

39 

2 

1 

0. 05 

1.0 

0.296 

0.157 

1 

0. 151 

40 

6 

1 

.05 

1.0 

.887 

.470 

.670 

47 

10 

1 

.05 

.50 

.664 

.369 

.741 

51 

1 

2 

.05 

.50 

.066 

.037 

.041 

52 

4 

2 

.05 

.50 

. 265 

. 148 

. 166 

56 

8 

2 

.05 

.50 

.529 

.296 

.332 

()2 

3 

2 

.05 

.50 

. 198 

. Ill 

. Ill 

()3 

7 

2 

.05 

.50 

.463 

.259 

.271 


— 4 
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tak(‘n as tt/2 with suflkacait accuracy for design purposes. 
Ill the case of orifice connectors, the results are not so 
conclusive. In general, however, it appears that ^ can he 
taken as tt ' 2 if only a f(‘.w orifices are used. The experi- 
ments indicate that, as tlu‘ numlier of orifices is increased, 
the conductivity jier orifice tends to increase (compare 
mufflers 89 and 40, or mufflers 51 and 47). The determi- 
nation of an accurate method of pnalicting the value of Cq 
for a grou{) of orifices would re(piire a study of such param- 
(‘ters as the numher, diameter, and spacing of the orifices 
as well as the diametei- of the central tulie. Until the 
results of such researcli become available, however, the 
desigiK'r should, whenever possible, use only a few tubes or 
orifices, unless he has available the relatively simple ecpiip- 
ment retpiired to determine the resonant freipiency experi- 
nuaitally aft(‘r construction of a sainph‘ muffler. 

TUNED TUBES 

Two acoustical circuit configurations have been considei‘ed 
which make use of the velocity at which plane sound waves 
li*avel to obtain interference and resulting attenuation. 

Side-branch tubes. The first of these configurations con- 
sists of a side branch of constant ar(‘a with the end closed. 
At a frequency for which such a tub(‘ is, for instance, one- 
quail ('r wave length long, a wave trav(4iug from th(‘ (‘xhaust 
])ipe to tlu‘ clos(‘d (Uid and back to tlu' (‘xhaust pip(‘ will 
arriv(‘ in phase' opposition to the incoming wave' in the 
e'xhaust pipe. The interfere'nce between the' Iwe) wave's 
ivsults in attenuation. Ap|)enelix B gives the e‘e[uation for 
the' attenuation of inuffle'rs e>f this type' (eep (Bl8)). The 
atte'iiuation e'haracterist ics e>f three' eif tlu'se mufflers are 
jire'sente'el in figure 15. For eaich of tlu'se' muffle*rs the' tube 

I ^ \ ^ I 
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Figure 15. — Sid.'-hraiuTi tiibe.s with .same dianu'te'r as e'xhau.st pipe'. 
Equation (B13). 


eliamete'r is equal to the exhaust-pipe eliameler so that the 
area, ratio m is one. Although attenuation above 20 decibels 
can be obtaineel, this high attenuation is limited to very 
narrow frequency banels. Consequently, the mufflers shown 
in figime 15 would not be suitable for varia))le-speed engines. 

The analysis of the results obtained with resonator-type 
mufflers has shown that several of these mufflers with high 
ratios of length to diameter exhibit the characteristic be- 
havior of tuned-tube mufflers (mufflers 43, 44, 45, and 4G 
of fig. 18 (c) and mufller 55 of fig. 14 (c)). These mufflers 
had much wider attenuation bands than the tuned tubes of 
figure 15. The calculations show that this increase in the 
width of the attenuation band is a direct result of the in- 
creased area rat io m. 

Quincke tubes. — The s(*cond type of tuiu'd-tube imdfler is 
commonly known as the Quincke tube. It consists of two 
tubes of different lengths connected in parallel, with the 
combination inserted in series with the exhaust pipe. This 
arrangement is discussed in reference 1. Because of the 
characteristics of sharp tuning and narrow attenuation 
bands, an arrangement of this type seems unsuitable for an 
engine-exhaust muffler. Consequently, no mufflers of this 
type were included in this investigation. 

COMBIN.4TIONS 

After investigating several types of mufflers, a few 
mufflers were tested which either combined t wo of the types 
or combined two or more sections of different size but of the 
same type. Mufflers 71 and 72 combined a resonator with an 
expansion chamber (fig. Ifi and fig. 1 (d)). The results show 
the importance of the location of the conductivity for, al- 
though the mufflers are identical in all other respects, the 
attenuation of muffler 71 is much higher than that of muffler 
72. Apparently the entrances to the two chambers are too 
close together in the case of muffler 72. The theory (appen- 
dix C, eip (Cl 8)) correctly jirc'dicts the better effectiveness 
of muffler 71 . 

It ap])ear(‘d probable that the rectuirement of a very broad 
attenuation region could best be satisfied by combinations of 
resonators which were tuned to different frequencies. Con- 
s('(piently an attenuation equation was developed for a 
combination of two resonators (apj)endix C, eqs. (C8) to 
(C7)), and one such combination was investigated exjieri- 
mentally (muffle]* 78). This muffler is shown in figure 16 
and in figure 1 (e). The results show an attenuation of more 
than 10 decibels over an uninterrupted frequency band of 
width equal to about six times the lowest frequency of the 
band, in spite of the fact that this mufller is relatively small 
(12-inch diameter and 12-inch length). Mufller 78 was also 
tested in the reverse position (muffler 78K), with the high- 
frequency chamber to the front. The results show no ap- 
preciable difference excc'pt in tlu' region below the first 
resonant frequency. 

Mufller 74 is effectively a combination of four tuned tubes. 
The internal details of this muffler are shown in figure 1 (f). 
Although some attenuation is obtained over a wide frequency 
band, the attenuation spc'ctrum consists of a series of very 
^iharp peaks and hollows. 
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Fir.rRE I(). — Combination mufflers. 


MUFFLERS FOR A 12-INC’H EXHAUST PIPE 

All (‘qiiatioiis which have been iiroseiited include, in one 
manner or another, the assum])tion that the dimensions of 
certain elements are small compared to the sound wave 
length. In order to determine the effect of violating this 
assumption, three mufflers were designed for installation in 
a 12-inch-diameter exhaust pipe (fig. 17). Muffler 75 is a 
large expansion-chamher-type mudler. Inasmuch as the 
wave motion is accounted for in the expansion-chamber 
equation, it might seem, at first, that no size assumption has 
been made. The discussion of expansion chambers, how- 
ever, showed that the plane-wave assumj)tion carried an 
implicit assumption regarding the diameter. For muffler 75 
the critical frequency for the first radial mode of vibration 
is 4()3 (ycles per second. The experimental results show a 
loss of attenuation between 400 and 500 cycles per second. 
Below 400 cycles the calculations and experiment are in fair 
agreement, except that the effective length of the chamber 
seems to he somewhat shorter than the actual length. 
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FifU’HK 17. — Mufflers for large-diaincter (12 in.) exhaust pipes 


Muffler 76 is a double resonator and muffler 77 is a single 
resonator. P'or both of these mufflers, the lack of agreement 
between calculations and experiment is quite pronounced. 
The results show that it is possible to obtain attenuation in 
pipes of this size but they also show that, because of the 
assumptions made, the equations used in this report are not 
adequate to predict this attenuation. Calculations for such 
mufflers must include consideration of other vibrational 
modes in addition to the plane-wave mode. 

II. FINITE TAILPIPE 

For the first part of this investigation, a reflection-free 
muffler termination (an effectively infinite tailpipe) was used 
in order to reduce the number of variables involved. In 
some cases a muffler or filter in a long duct or pipe line may 
have an essentially reflection-free termination. P^ngine 
mufflers, however, must be terminated in a tailpipe of finite 
length in actual practice. In Part II of this report, there- 
fore, a method is presented which permits the tailpipe to be 
included in the muffler calculations. The validity of this 
method has been investigated experimentally by testing four 
muffler-tailpipe combinations. The dimensions of these 
mufflers are within the limits for which the basic muffler 
theory has been shown to be valid in Part I. The apparatus 
used in the tailpipe investigation is described briefly and the 
results of the tests are discussed. 

THEORY 

The problem of radiation from an unflanged circular pipe 
has been solved for the case where the incident sound is of 
the plane-wave mode (ref. 11). It is possible by use of this 
information to compute the tailpipe impedance and, thus, to 
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introduce the tailpipe into the mutller calculations. A less 
accurate, but somewhat simpler, method is to add an end 
correction of 0.61 times the pipe radius to the length of the 
j)ipe and to assume tliat the pipe is terminated in a zero 
impedance (total ivflection) with a j)hase shift of 180° 
between the incident and reflected waves. This method is 
justified at sufficiently low fre(piencies, because the reflection 
coefficient approaches unity as the frequemw appi’oaches 
zero. In order to determine the frecpiency i*ange within 
which this ai)j)roxiniation is applicabhy the attenuation of a 
single-chamber i*esonator with a tailpipe has been calculated 
by both methods. The j-esults (table IV) show that the 
approximation gives results within less than 0.1 decibel for 
fj-equencies u]j to 520 cycles ])('r second. The attenuation 
curve is plotted in figure 18 (a). Note that the calculations 
have been made for c = 2000 fps. This value is typical of 
th(‘ si)ced of sound in the hot exhaust gas from an aircraft 
engine. The attenuation has been bascal on the ratio of 
the absolute values of the incident-wave pressure just ahead 
of the conductivity openings and the incident-wave pressure 
in the tailpipe. The ec(uation used for the ai)proximate 
calculation is (leveloi)ed in a])i)endix I) (c(j. (1)10)). 

Before proceeding further with tlu' consideration of tail- 
pipe effects, some discussion is necessai-y concerning this 
basis for calculating the attenuation. The user of a mufller 
ordinarily thinks of the attenuation due to a muffler as being 
the difference, at some point in the open air, between the 
sound level from an ojien exhaust pipe and the sound level 
after a mufller has been installed. The sound pressure in 
the open air due to an o])en exhaust pipe or a tail])ipe is, 
at a given frequency, directly proportional to the i)ressure 


TABLU IV.—COMPAKISON OF TWO METHODS FOR CALCU- 
LATING THE ATTENUATION OF A SINGLE-RESONATOR 
MUFFLER WITH TAILPIPE 

[Muffler constants: co=0.2m ft; V'=0.33H fO; c=2()0() fps; 

Tailpipe length = 20 in.; S’= 0.0247 sq ft] 


Fro(iuency. /, 
cps 

Attoniiiition, db | 

Calculations i 
using exact tail- 
pipe impedance 

Calculations I 
using approxi- 
mate tailpipe 
impedance i 

20 

-0.81 1 

-0.81 1 

40 

-4.10 1 

-4.10 

(H) 

-9. 63 

-9. 65 

80 

-2. 24 1 

-2. 24 

100 

.5. 09 

.5. 10 

120 

9. 86 1 

9.87 1 

140 

13.67 1 

13. 67 1 

160 

17.09 1 

17.10 1 

180 

20. 28 1 

20. 29 

200 

23. 37 i 

20. 37 

220 

27. 08 1 

27. 09 ' 

240 

31.38 

31.39 

260 

37. 3.5 

37. 36 ; 

280 

00 

CO 

300 

38. 48 ' 

38. .50 

320 

33. 14 ! 

33. 16 ! 

340 

29. 3.5 ! 

29. 37 

360 

26. 63 1 

26. 67 

380 

24. 4.5 1 

24. 48 

400 

22. 39 1 

22. 41 

420 

20. 30 1 

20. 33 

440 

18. 27 

18.30 1 

460 

16.00 

16.03 

480 

13. 37 

, 13. 39 1 

.'iOO 

10. 32 

10. 34 ' 

.520 

6. 34 

! 6. 33 1 

.540 

-.42 

-.56 1 

.560 

-14.29 

-17.06 

.580 

-.4.5 

1 -.40 * 

<500 

4. 5.5 

4.65 


of the incident wave traveling in the pipe. Therefoi*e, the 
attenuation can also be defined as the diflerence between 
the sound-pressure levels of the incident waves inside the 
open exhaust pipe and the tailpipe. It has been shown that 
tlie reflection coefficient from the end of an open exhaust 
pipe is nearly unity for the frequency I’ange of this investi- 
gation. Also, for fi'equencies at which the attenuation of a 
mufflei* is high, there is a v(m*v strong reflection from the 
conductivity location back into the exhaust pipe. (See 
table 1.) Xow considcM- an engine to which are attached 
alternately an o])en exhaust j)ipe and another exhaust pipe 
of the same length as tlie open ])ipe but one that is termi- 
nated in a mufller and tailpipe. The reflected waves in the 
exhaust pipes are very strong in both (*ases; furthermore, 
the same sound source is feeding the two exhaust j)ipes and 
the pipes have the same length; therefore, it follows that 
the incident waves will have about the same strength. 
Thus, it is possible, in approximation, to calculate the 
attenuation as the difference between the sound-iiressure 
levels of the incident wave entering the muffler in the 
exhaust pipe and the incident wave leaving the mufller in 
the tailpipe. This approximation should be valid in the 
iTecpiency range for which the open-pipe reflection coefficient 
is iK'ar unity and for which the muffler also j)i-ovides attenu- 
ation of the order of 15 decibels or more. Although the 
exhaust-pipe length has a very definite efTect on the sound 
characteristics of a complete engine-exhaust system, it is 
possible by this method to separate the effect of the exhaust- 
j)ipe length from the rest of the system. Since the open 
exhaust pipe itself reflects a large part of the sound, it is 
entii'ely possible that under certain conditions a muffler could 
])ermit more sound to escape than does the open exhaust 
pipe, with a resultant negative attenuation. A negative 
attenuation value, under the j)resent definition of attenu- 
ation, does not imply that sound energy has been created 
inside the mufllei*; it means simply that the percentage of 
the sound energy which reaches the atmosphere is greater 
with the mufller installed than it is without the muffler. 

Consideration of ecpiation (1)10) (appendix D) has led to 
an idea which may iiermit the elimination of the first uppe^- 
tailpipe pass band of a single-chamber-resonator muffler. If 
the resonator is tuned to the usual pass frequency, then, when 
kl^=T, both the tailpipe impedance and the resonator im- 
pedance will equal zero. In this event the i)ass frequency 
may be eliminated. A calculation has been made for a 
mufller identical with the muffler of figure 18 (a), except for 
the large change in conductivity required to tune the reso- 
nator to the frequency at which The results shown in 

figure 18 (b) indicate that the width of the attenuation band 
is nearly doubled. At the same time, however, the cutoff 
frequency is increased slightly and the magnitude of the at- 
tenuation is lowered in the low-frequency region. Although 
no experimental data are available for this muffler, it seems 
possible, in view of the experimental results for muffler 67 
(fig. 14 (f)), that some attenuation ina}' be obtained near the 
resonant frequency, with the resultant elimination of the 
first upper tailpipe pass band. 

The case of a single expansion chamber with a finite tail- 
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(a) Single-resonator muffler with tailpipe. Ar/< = 0.487r. (See also 
table IV.) 

(b) Single-resonator rmiffler with tailpipe. krlt = Tr. 

Figt re 18. — Theoretical attenuation characteristics of single-chamber 
re.sonators with tailpipes. c=2000 fps. Equation (DIO). 


tlie sonic velocity in tlie actual exhaust gas to the sonic 
velocitj' in the cold test in oj’der to co’*j*ect for the temperature 
difference between the two conditions. E^or the cold test, 
the frequency range was from 30 cycles per second to 400 
cycles pev second; for the engine test, the frequency range 
having equal wave lengths is 52 to 700 cycles per second. 
The ambient noise level for the cold tests was about 60 
decibels. 
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pipe has also been considered, and an equation is ])resented 
in appendix I) for the attenuation of such a mulfler. 

MUFFLERS 

Sketches of the inufHer-tailpipe combinations that were 
used in the experimental investigation of the effect of tailpipe 
length are shown in figure 19. These mufflers were designed 
for use on a particular aircraft engine. The design of these 
mufflers will be discussed later in the report in connection 
with a test of these mufflers on the engine for which they were 
designed. The mufflers were made from hVinch mild steel. 

APPARATUS AND TESTS 

The experimental investigation of the effect of the tailjiipe 
was conducted outdoors in an open area and in calm air. 
In these tests, as in the previous expei'iments, the air inside 
the mufflers was at the ambient temperature and there was 
no steady air flow. Hence, these tests will be referred to as 
‘h*old tests.’’ The apparatus that was used is shown 
schematically in figure 20. The electronic equipment in- 
cluded an audio oscillator, a power amplifier, a speaker, an 
oscilloscope for monitoring the wave form, and a sound-level 
meter. 

The cold-test data were obtained by sending sound waves 
at a single frequency alternately into a muffler and into an 
open exhaust pipe and by taking the difference between the 
sound-pressure level observed in the open air at a distance of 
20 inches from the outlet of the mulller tailpipe and that 
obseiwed at a distance of 20 inches from the outlet of the 
open exhaust pipe. In order to insure that the mufflers were 
tested for the same wave lengths in the cold test as in the 
subsequent engine test, the cold-test frequencies were ad- 
justed to produce the wave lengths for which the mufflers 
were designed. In the presentation of the cold-test results, 
the experimental frequencies are multiplied by the ratio of 
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Figtre 19. — Sketches of muffler-tailpipe combinations tested. 



Figtre 20. — Schematic diagram of the arrangement cf apparatus for 
cold test of mufflers. 
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RESULTS 

Tlie exporimeiital results olitained from the muffler cold 
tests and the theoretical attenuation predicted for each 
inufTler are shown in figure 21. The theoretical curves for 
mufflers 78, 79, and 80, whicli were computed from ecpiation 
(1)10), show that these mufflers were designed to have 
chamber resonances (points of maximum attenuation) at 
apjiroximately 280 cycles per second and tailpipe resonances 
at about 400, 580, and 580 cycles per second, respectively. 

A compai'ison of the experimental and theoretical data 
shows good agreement for these three mufllers. For ex- 
ample, the higher frecpiency cutoff points, which are a func- 
tion of tailpipe length, are seen to fall veiy close to the pre- 
dicted frequencies; furthermore, the measured attenuation 






Fici kp: 21. — ('old-test data and theoretical curves for mufflers 

tested. 


falls near that computed theoretically at all frequencies ex- 
cept those near the computed chamber resonance. The 
mufflers were not expected to provide the infinite attenua- 
tion calculated at the chamber resonant frequency, the cal- 
culated infinite values occurred only because the viscous 
forces were neglected in order to simiilify the calculations. 
With this limitation, it may be concluded that equation 
(1)10) is valid for predicting the attenuation characteris- 
tics for mudler-tailpipe combinations under the cold-test 
conditions. 

The double-chamber resonator curve computed for muffler 
81 shows two chamber resonant frequencies and no high- 
frequency tailjiipe jiass hands. The difference between the 
curve shapes for the single-chamber and double-chamber 
mudlers is, of course, due to the changes in the acoustical 
circuit. The attenuation for mufller 81 was computed by 
substituting the tailpipe impedance iX^ from appendix I) 
for the impedance Z& in the ecfuations given for a combina- 
tion of two resonators in apfiendix C and working out tlie 
expression for the attenuation. 

For the cold tests, the two largest mufllem (mufflers 80 
and 81) were wrapped with several layers of felt. In the 
absence of the felt wrappings, the maximum attenuation was 
limited to about 25 to 30 decibels by the radiation from the 
Ke-inch-thick outer walls. Reduction of this radiation 
would be an important factoi’ in the design of a mufller from 
which a higher attenuation is desired. 

III. APPLICATION TO MUFFLER DESIGN 

VARIABLES DEPENDENT ON OPERATING CONDITIONS 

Under the conditions of the investigations discussed in 
Ihirts I and IT of this report, acoustic theory has been shown 
to predict the perfoi-mance of several tyjies of mufllers 
within a fre([uencv range which is governed by the dimen- 
sions of the mulller elements. These investigations were 
designed to allow the study of several of the dimensional 
variables involved in exhaust miillling. 

In order to isolate the effects of these variables, it was 
ne(‘essary to eliminate certain other variables dependent on 
oi)erating conditions which could he separately investigated 
at some future time. The three major variables which have 
not been discussed are exhaust-gas temperatui'e, exhaust-gas 
velocity, and exhaust -pi])e sound pressure. A discussion of 
these variabL's follows. 

TEMPEHArCRK 

The preceding investigations were made at room tempera- 
ture or at atmospheric temperature and the velocity of 
sound was about 1,140 feet per second. The higher tcm- 
l)ei-ature in the engine exhaust gas will result in a higher 
sonic velocity. From the data of figui’e 8 of reference 9 and 
from temperature measurements made duihig the engine 
tests described in Fart IV of the present report, the sonic 
velocity inside the tailj)i|)e is estimated to be about 2,000 
feet per second, it is believed that the primaiy effect of a 
change in the exhaust -gas temperature is the corresponding 
change in the velocity of sound. It is necessary in the de- 
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sign of imifflers to use the actual sonic velocity of the ex- 
haust gas. If the exhaust-gas temperature is known, the 
approximate velocity of sound may be determined by using 
the relation which has been found for air c-^49^ T feet per 
second, where T is the absolute temperature on the Fahren- 
heit scale. 

The calculations that have been jiresented have included 
the tacit assumption that the temperature and average den- 
sity in the muffler chambers are the same as those in the 
exhaust pipe. If significant differences are found in prac- 
tice, they can be accounted for by using the most accurate 
available values for p and c at each element in calculating 
the impedance of that element. In this connection, it is 
interesting to note that the impedance of a resonant cham- 
ber is proportional to pr (eq. (B5)). But since is propor- 
tional to T and p is proportional to the chami)er im- 

pedance is independent of T. The connector impedance is 
a function of T, l)at, unless it is a long tube, the connector 
will he at the exhaust-gas temperature. Thus, for resonatoi- 
type mufllers, a temperature difference between the exhaust 
pipe and the chamber would be expected to have little effect 
on the performance of the muflier. 

EXHAUST-CAS VELO( ITY 

In an actual engine-exhaust -muffler installation the ex- 
haust gas which transmits the sound is in motion, whereas in 
the preceding investigations there was no net flow of air. 
Tlie actual case may be considered to consist of an alternat- 
ing, or sound, flow superimposed on a steady exhaust-gas 
flow. A theoretical approach to the problem of determining 
the effect of the steady flow on the acoustic characteristics 
of an exhaust system has been made in reference 12. Xo 
experimental data, however, are included. The conclusion 
of the theory is that the velocity effect is a function of 
^ \—M'\ where d/ is the Mach number of the exhaust flow. 
If the theory is assumed to he essentially correct, the 
following results are obtained. 

Consider first the characteristics of the muflier itself. In 
the useful range of expansion ratios, the exhaust-gas velocity 
inside an expansion chamher is much lower than that in the 
exhaust pipe. Because the permissil)le engine back pressure 
limits the Mach number in the exhaust pipe to a value con- 
siderably less than 1, the Mach number inside the ex])ansion 
chamber will be so low that is negligible when compared 
with 1. Thus the exhaust velocity will have no appreciable 
effect on the attenuation of a single expansion chamher. In 
the case of multiple expansion chambers, however, the 
exhaust-gas velocity in the connecting tul)es may he high 
enough to alter the muffler characteristics significantly. 
(See ref. 2 for experimental data.) In the resonant chamher 
of a resonator-tyjie muflier there is no steady exhaust-gas 
flow; therefore, the single resonator will not be affected by 
exhaust-gas flow. In the case of multiple resonators, as in 
multiple expansion chambers, the impedance of the connect- 
ing tul)es will be affected by the exhaust -gas velocity. 

Consider next the tailpipe characteristics. The tailpipe 
impedance will vary with the flow velocit}L This will, of 
course, affect the attenuation of ai\v practical muffler instal- 


lation. According to the theory, the main effect of increased 
exhaust velocity is to lower the resonant frequencies of the 
tailpipe and to reduce the attenuation due to the tailpipe at 
those freciuencies for which the tailpipe impedance reaches a 
maximum. On the whole, these effects are jirobahly rela- 
tively small, inasmuch as the tailpipe resonant frequency is 
reduced by only 9 percent at a Mach number of 0..‘b wliicJi 
corresponds to an exhaust velocity of 600 feet per second 
when c is 2,000 feet per second. 

X^ote that most of the preceding conclusions regarding the 
effect of exhaust -gas velocity must be regarded as tentative, 
hecause they have been based on an unproved theory. 
Furthermore, the experimental data of reference 2 tend to 
cast some doubt on the validity of the theory. This uncer- 
tainty shows the need for additional research on the (‘fleets of 
e X h a u s t -ga s V (' 1 o c i t y . 

INC REASED SOUND PRESSURE 

In the derivation of the classical acoustic theory it is 
assumed that the sound piTSsures are very small in com- 
parison with the static piTssure of the medium (ref. 1). 
This assumption is made in order to permit the linearization 
of the differential equation of motion. However, in connec- 
tion with engine tests previously made at this laboratory 
(ref. 9) certain nonlinear effects were observc‘d, particularly 
the buildup of sharp wave fronts in long exhaust pipes as 
evidenced by the (‘xplosive character of the sound from such 
pip(‘s. The detection of such nonlinear effects indicates 
that the exhaust sound pressure inside the pipes is high 
enough so that the classical linearized theory may give 
iTsults which arc somewhat in ez‘i*or. Further study of the 
behavior of acoustic elements — resonators, orifices, and 
tubes — in the pres(‘iice of nonlinear sound fields is recpiired 
before the effects of very high sound pressures on the iier- 
formance of an acoustic system will be quantitatively 
known. 

RELATIVE MERITS OF MUFFLER TYPES INVESTIGATED 

Xh)ne of the muffler types discussed should have excessive 
back pressures if the exhaust pipe is the proper size because 
the (‘xhaust gas is not forced around sharp 180° turns. The 
(‘xpansion chambers will probably have the highest back 
pressures of the typers tested because of the energy losses in 
the expansion and contraction processes but, at least for the 
single (‘xpansion chambers, this back pressure should bc‘ 
within allowable limits. 

In general, single-chamber mufflers are useful where the 
required frequency range is small; whereas, for high atti'uua- 
tion over a very wide frecpiency range, two or more different 
chambers will be recpiired in order to obtain attenuation at 
the pass fre(pi(‘ncic‘s of the individual chambers and the 
tailpipe. 

Reference 7 indicates that, in the case of engine exhausts 
having large sound pressures, mufflers of the expansion- 
cliaml)('r type must l>e used, because the attenuation of a 
resonator is deiiendent on the existence of small sound pres- 
sures. The experiments of reference 9, however, have shown 
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tliat resonator mufFlers can bo quite efreetive in an engine- 
exhaust system, even tliough the theoretieal assumption of 
small sound pressures is violated. (This assumption is 
aetually made also in deriving the equations foj* the attenua- 
tion of expansion-ehamher mufriers.) The mulller designer 
is, therefore, not neeessai'ily restrieted to expansion eham- 
])ers. The answer to the question as to whieh type, for a 
given mulller size and a given haek pressure, is the more 
effective deiiends in part ujion the relative magnitudes of 
the effects of high sound pressure and of exhaust-gas veloeit}^ 
on the two tyjies. 

In ease the adverse effects of high sound pj-essures are 
found to be excessive for resonators, it is suggested that a 
(‘ombination mufllei’, with the expansion ehamber fu'st in 
order to reduce the sound pressiu’cs entej-ing tlu' resonator, 
may be most effective. (See muffler ()7 of ref. 9.) 

MUFFLER-DESIGN PROCEDURE 

On tlie basis of the theory whieh has been pj-eseiited, a 
mufllei-design procedure was developed. Because some of 
the important variables have not becui investigated as yet, 
the proeedinv must be judged by the results obtained in 
pi-aetieal a|)plieations. Modifications of the jiroeediu’c are 
to be (‘xpeeted as a j-esult of exjierienee gained in the appli- 
cations. This procedure l)egins with the determination of 
a ]‘equij-ed attenuation spectrum, whieh defines the noise 
I’eduetion that tfu' mufller is expected to jiroduee. 

rkqi ikei) attenuation spectrum 

The first st(‘|) in muffler design is to determine, at a known 
distance' fi’om the exhaust pipe, the sound-level spectrum 
of tlie engine whieh is to be quieted. This should be done 
at several s|)eeds and loads within the operating range or, 
at th(‘ very least, at the maximum and minimum speeds of 
the noiTual opei'ating range. In estimating the critical 
operating conditions likely to be encountered from the stand- 
point of noise, it is useful to recall that for a ])articular engine 
the magnitude of the noise is conti'olled largely by the engine 
toiTjue, whereas the frequencies are controlled by the engine 
spc'cd (j'efs. 8 and 9). 

After the engine-noise spectrum has been detei-mined, an 
allowable spectiaim should be established, consisting of the 
maximum allowable sound-pressure level as a function of 
frc'CjiK'ncv. The fact that other noise sources (su(*h as engine 
ail’ intake, engine clatter, and the pj’opellei’) place a practical 
limit on the attainable reduction in ovei’all airplane noise 
will influence the choice of the allowable spectrum. As the 
desiiH'd noise reduction increases, it becomes lU'cessary to 
treat more of these other noise sources. In pai’ticulai-, it 
was necessary to treat both the engine exhaust and the 
propeller to obtain signifi(‘ant noise reduction for the liaison 
airplane of reference 8. 

The difference between the measured and allowable spec- 
trums will establish the minimum attenuation which is re- 
quired at each frequency; this diffei’ence will be called the 
required attenuation spectrum. 


MUFFLER SELECTION 

Compaj-e the reejuired spectrum with the design curves 
(figs. 22 to 24) and select from these curves a muffle*; design 
whi(‘h will provide sonu'what more' than the j’e(|ui]*ed attenua- 
tion throughout the frequency range. (The use of these 
design curves will be discussi'd.) fn the case of a singh' 
expansion chamber or resonator, the tailpipe must be care- 
fully selected. Fj*om the j*e(|uired cutoff frequency compute 
the necessaiw tailpipe length by using the appi’oximate 
ecjuations which have been pi-esented (eq. (Db) or (Dl2)). 
Next, by use of this tailpijie length, deteiTiiine the location 
of the high-frequency pass bands. If the first pass fj'equency 
is too low, it will be necessary to choose a larger muffler in 
order that the tailjiipe may be shortened or else to add 
another chambei’ which will provide attenuation at the 
tailpipe pass frequency. If a double expansion chamber or 
multiple resonator has been selected, the ap|)roximate equa- 
tions or the design curves may be used to determine the 
cutoff and pass lre(iuencies. Several of the mulller types 
may be considered in this manner in order to determine 
which will result in the smallest mufller that will provide the 
required attenuation in a particular case. It is usually not 
necessary to caj’jw out detailed attenuation calculations 
until the final configuration has been closely approached. 
The detailed ealculations will then provide a final check on 
the theoretical suitafiility of the selected mufller. 

A test of the chosen mufller installation on the engine may 
show that modifications are re([uired, owing to the influence 
of factors which have not been investigated as yet (in par- 
ticular, the high exhaust-pipe sound pressures). p]ven with 
the assistance of the information jiresented in this report, 
it is likely that a certain amount of trial and ei’ror will be 
necessary in mufller design when the goal is a very highly 
efficient mufller In terms of attenuation per unit of weight 
or volume. 

DESIGN ( URVES 

Three sets of design curves, showing the attenuation of 
mufllers terminated with the characteristic pipe impedance 
Z(), are presented in figures 22, 28, and 24; these curves have 
been calculated from e([uations (AlO), (BlO), and (Bl5), 
respectively, of the appendixes. Simple examples will be 
given to indicate how these charts can be used to eliminate 
the need for detailed attenuation calculations in the jirelimi- 
nary stages of mufller design. 

SINGLE EXPANSION CHAMRER 

Figure 22 shows the attenuation of single expansion cham- 
bers in terms of nondiniensional iiarameters. The parameter 
klc is a combination length and frequency parameter. The 
other parameter is the ex'iiansion ratio m. 

Sujiposc that a mufller is desired to pi’ovide a minimum 
attenuation of 10 decibels between fre(iueiici('S of 100 and 
800 cycles jier second. An expansion ratio of 9 will jirovide 
10 decibels at kle = 0.S. At three times tliis value of (i. e.. 
kle=2A), it will also provide about 10 decibels. Thus. /a^ = 9 
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is satisfactory. The length of the muflior is detennined by 
the fact that 100 cycles per second corresponds to kle=0.S, so 

that 0.8=— XlOO (let c=2000 fps, tlien 

c \ ZTrXlOO 

= 2.54 ft^. If the exhaust-pipe diameter is 2 inches, the 

expansion-chamber diameter will be 2 or G inches. 

If this midller is too long, another j)rocedure is possible. 
Let 771 = 25; thus, the diameter is increased to 10 inches. The 
design curve shows 10-decibel attenuation at kl^={). 25. 

At a kle of *^^||||x0.25 = 0.75, the attenuation is more than 

adequate. The length of this muffler will be I e = ^ ?wT ^ 

Ztt X 1 fit) 

or 0.795 foot. 


crosses the 10-decibel line, must be three times the frequency 
at which the left leg crosses the 10-decibel line, ddie chart 
shows that this requires a value somewhat higher than 3.16, 
say approximately 4, for the attenuation parameter. The 
value oH f If r coi*i*esponding to 100 cycles peu* second will be- 
about 0.55 


*'^“0.55 


182 cps 


Therefore, 


iCo_2Trfr 

\v~ C 


27TX182 

2000 


= 0.57 ft 


-1 


ddie exhaust pipe is 2 inches in diameter so that 




2S 


SINGLE-CH.4MBER RESONATOR 

Figure 23 shows the attenuation of single-chamber resona- 
tors in terms of nondimensional parameters. The attenu- 
ation is plotted against fjfr which is the ratio between the 
sound frequency and the resonant frequency of the resonator. 
Curv'cs are plotted for sevTu-al values of the attenuation param- 
eter -yJcoV !2S. 

Suppose again that the mufller is desired to provide a 
minimum attenuation of 10 decibels between /= 100 and 300 
cycles per second. In terms of the chart this means that the 
frequency at which the right leg of the attenuation curve 


^0=0. 57X0. 174 =0.099 ft 

r=‘J'V;-'^= 0.805 fC 
0 . 0 / 

Any combination of length and diameter which will give 
this volume is permissible, as long as the dimensions are not 
too large in comparison with the 300-cycle wave length at 
the exhaust-gas temperature (see experimental results). If 
a length of 1 foot is selected, the diameter becomes 0.645 foot 
or 1% inches. 
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MULTIPLE-CHAMBER RESONATOR 


Figure 24 shows the attenuation per ehainl)er of inultiple- 
<*hanil)er resonators in terms of nondimensional jiarameters. 
I^ecause tliree parameters are involved (a|)pendix B), several 
charts are required to describe fully the possible configura- 
tions. Three such charts are |)resented. 


As an exani])le of the use of these charts, assume that for 
a particular engine spectrum the sound level at the funda- 
mental frequency (100 cycles per second) is to he reduced 13 
decibels. The levels at the other frequencies are to be re- 
duced to the point where the speech interference is nowhere 
greater than at the fundamental frc^^juencv. This critei-ion 
results in a required attenuation of 13 decibels at 100 cycles 
per second, 4 decibels at 200 cycles per second, and zero at 

liigher frec[uencies. The top chart of figure 24 


shows that this objective could be met with 


a/ 

~2S 


= 1 for a 


two-chamber muffler with /;.= 100 cycles per second. By 


using these values the mufller dimensions are found as 
follows: 


kr = 


27rX 100 

2000 


= 0.314 





VcoT'=2Xj 1=0.043G fC 

Cn=0.314X0.()43()=0.0137 ft=0.164 in. 


0.04 36 -3 


In order to obtain this volume with a concentric resonant 
chamber 19 inches long, a chamber diameter of 4.5 inches is 
required. The overall length of the two-chamber muffler is 
38 inches. The use of a tube connector seems advisable in 
order to obtain the low Co required without creating excessive 
sound velocities in the connector. 


Attenuotion per chomber, db 
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Figure 24. — Multiple-chamber-resonator design curves. 
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IV. ENGINE TESTS 

In order to study the praeticnlity of the design methods 
whieli have been described and, also, to ol)tain some idea of 
the size of nndller which is required in practice to ])rovide 
a significant reduction of engine noise, four mudlers were 
designed for and test(*d on an actual aircraft engine. As 
was stat(‘d in the introduction, the engine of a helicopter 
was used for these tests. The design of the mulllers followed, 
in g('ii('ral, tlu' design j)rocedure which has been present (‘d. 

BASIC DATA 

The first step in the design procedure is the determination 
of the engine-e.xhaust noise spectrum of the unmullled en- 
gine. In the case of the helicopter the siiectrum of the ex- 
haust noise alone could not he determined. Instead the 
overall noise spectrum of the helicopter was measured. This 
spectrum, which includes an unknown amount of extraneous 
noise from such sources as the engine air intake, rotor blades, 
and engine clatter, is presented in figure 25. 

Teni|)erature measurements showed the speed of sound in 
the exhaust pipe to he approximately 2,000 fps. 

MUFFLERS AND DESIGN 

In order to insure tliat an adequate test range would he 
covered in the investigation, four resonator-type mutllers 
were designed and constructed. Three of the mulllers had 
single resonant chamhers, whereas the fourth had two res- 
onant chamhers. The douhle-chamlxu* mulller was designed 
with the intent to provide enough exhaust-noise attenuation 
so that the extraneous noise level could he measured. Figure 
19 shows schematic drawings of these mulllers. 

The mulllers were designed to give successive increases in 
attenuation and to have the acoustical pro|)erties shown in 
the following table: 


Mufflor 

Chanibcr rosonaiit 
fivqiKaicy, cps 

Tailpipe resonant 
frequency, cps 

.\tt(‘nuation parameter, 
V^oT' 

2.S 

7S 

280 

400 

4.33 

79 

280 

580 

0. 03 

HO 

2S0 

j 580 1 

12. 00 

81 

/140, large chamber 1 
\400, small chamber J 

rndeterminecl 

1 

19.5, large chamber 
\1G.15, small chamber 


90- 


80 r 


^ 70- 


60- 


50- 


40 ^ 


10 



Frequency, f, cps 


Mufflers 78, 79, 80, and 81 were made from Ke-inch mild 
steel and weighed 12, 17, 21, and 82 iioiinds, respectively. 
Figure 26 shows the mulllers installed on the test helicopter. 

It may he of interest at this point to indicate the method 
used in the design of these mulllers with a specific example 
included for mulller 79. The fact that the test helicopter 
had two exhaust systems, one exhausting three cylinders 
and the other exhausting four cylinders, did not require the 
design of different mulllers for the two exhaust pipes. Al- 
though the exhaust-pressure pulse from each cylinder con- 
tains (‘omponents at tlie individual (‘vlinder firing fiTHpiency 
an.d at harmonics of this freciuencv, the phase relationships 
are such that, when the jiressure pulses of all seven cylinders 
are combined in the atmosphere, the components at the 
cylinder firing freciueiicv and at many of the harmonics are 
liartially canceled. The mulllers must attenuate those fre- 
(piency components in both exhaust pipes which combine 
to cause undesirably high noise levels in the atmosphere. 
Consequently, the mulllers are designed on the basis of the 
noise in the atmosphere, rather than that inside the indi- 
vidual exhaust pipes, and, as a result, the two mulllers are 
identical. The seventh harmonic of the cylinder firing 
frecpiency is referred to as the engine fundamental frequency. 
The ])romineiice of this harmonic in the unmullled engine 
noise (see fig. 25) is due to the fact that this frequency is the 
lowest at which the components of all seven cylinders are 
nearly together in phase. 

(1) The noise spectrum of the unmullled helicopter (fig. 
25) showed that most of the disturbing noise fell in the fre- 
(piency range from 70 to 850 cycles per second and that 10 
decibels of overall attenuation would reduce the noise to a. 
desired level. The mulller must be made to resonate within 
this frequency band in order to obtain maximum quieting; 
thus, 280 cycles per second was chosen for the mulller 
resonant frecpiencv. In order to provide a 10-decibel re- 
duction from 70 to 850 cycles j)er second, a mulller having 

an attenuation parameter value of a])})roximately 6.0 


was selected from the design curves. 

(2) A tube for conducting the exhaust gases through the 
mulller for filtering must be chosen. The engine-exhaust 
back pressure should be kejit small; consecpiently, a tube 
used for this purpose must he large enough to keep the back 
pressure within acceptable limits. The tubing selected for 
mulller 79 was inches, the same size as the existing ex- 
haust ducting on the test helicopter. It should be noted 

that the attenuation parameter shows that the internal- 


tube area governs the mulller size for a given attenuation; 
for this reason, the tube should he selected as small as 
practicable. 

(8) In order to obtain the length for this central tube, a 
desired tailpipe length is computed and added to the length 
necessary to conduct the exhaust gases to the conductivity 
holes. The conductivity holes mark the origin of the tail- 
j)ipe for single-chamber mulllers. Before the tailpipe length 
can be computed, however, some specific frectuency for tail- 
pipe resonance must be selected. This frequency must fall 
within a range in which little or no attenuation is needed 
because, as the tailpipe resonant frequency is neared, the 


Fira'RE 25. — UnniufHod-helicopter-noi.se frequency analysis. 
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Muffler 78 



Muffler 79 



Muffler 80 

Fioi ke 2(). — Muffler installation. 


nuiHlor attomiation drops to a nngativo valiio over a narrow 
l)aii(l. The tailpipe resonant fretiueney selected for inufller 
79 was 580 cycles j)er second. The effective tailpipe length 
is com])uted as follows: 


X_ c_ 2000X12 
2~Yf 2X580 ^ 


20.68 inches 


l^y applying the end correction A/^ = 0.61r where r is tho 
tailpipe inside radius, the resulting true tailpipe length is 

20.68 — 0.61 (1 .125 — 0.068) =20.03 inches 


Jnasinuch as the tailpii)e length also affects the low- 
frequency cutoff of the muffler, a check is required to see 
whether this cutoff falls within the desired attenuation hand. 
The cutoff fretiuencv is determined from e([uation (1)12): 


fc 


A. 



280 


/ 27t280 20.68 

\ ' 2000 12 


88 cps 


Since the cutofl* frequency is within the frequency l)and 
in which muflling was desired, a decision must be made as 
to whether it is beneficial to increase the tailpipe length and 
thereby lower the high frefjuency cutoff or to increase the 
chamber size in order to obtain a small attenuation gain in 
the low-frequency range. The taili)ipe length was not 
changed, and tlie resulting loss of low-frequency attenuation 
was accepted because all available criteria for judging the 
effects of noise agree that somewhat higher noise levels are 
tolerable at low frequencies than at higher frequencies. 

(4) The conductivity factor Cq determines the inufller 
resonant frequency for a given volume. The equation 


fr = 


c jco 

27r\ t ' 


shows the relationship that e.xists among the conductivity, 
volume, and resonant frequency. With the use of this ex- 
pression and for the values of the parameters chosen, the 
volume and conductivity for inufller 79 can be determined 
as follows: 


Solving for 


\T 


^ yields 



28()X27r_ 

/r 

20()()^ 


-r 

V 2S ^ 


and solving for AqV gives 


^CoV=GX2xl 


<■0= 



a^=0.880X0.295=0.2()0 


ft 
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By substitution 

This volume and a chosen muffler length of 2 feet were 
used to calculate the muffler diameter, 5.9 inches. For the 
sake of construction simplicity, the diameter was chosen to 
be 6.0 inches. This diameter change required small adjust- 
ments to be made in the values of volume and conductivity; 
the new values calculated were 0.338 cubic foot and 0.261 
foot for volume and conductivity, respectively. 

(5) The required muffler conductivity was obtained by 
drilling several K-inch holes in the central tube of the muffler. 

7T 

In determining the number of holes required, a value of ^ 

was used for the constant /3 in the conductivity equation. 
The calculation follows: 

_Co chosen for muffler 79 
Co per )^-inch hole 



1 1 1 _1 
16 12“^2 4 12 


Experience has sliown that there are some effects on the 
conductivity caused by the close spacing of lioles which 
often require the numl)er of lioles to be changed in order to 
obtain the desired conductivity Cq, oj‘ resonant frecpiency. 
The actual conductivity Co can be determined by experi- 
mental tests. 

(6) After all dimensions for the muffler have been deter- 


mined, the theoretical attenuation characteristics of the 
resonator should be computed and analyzed with the use of 
equation (DlO). Idiis equation may also be written in the 
following form: 



If the predicted attenuation does not conform to the desired 
conditions, small changes in the originally selected design 
values may be made to achieve the desired results. 

APPARATUS 

The test helicopter (fig. 27) was used as the muffler test 
bed in this investigation. The tail rotor was removed for 
the tests to prevent its noise from interfering with the sound 
measurements. The noise emanating at the main rotor 
fundamental frequency (13 cps) was known to be of little 
significance in these tests. However, a possibility that the 
higher harmonics of the rotor might interfere with the ex- 
haust noise measurements was recognized. 

The helicopter was powered by a R-550-1 , 180-horsepower, 
7-cylinder engine having twin exhaust stacks. One stack 
exhausted three cylinders and the other, four. Figure 28 
shows a diagrammatic sketch of the field-test setu|) and 
surrounding terrain. 



Figcre 27. — Muffler 79 in.-talled on helicopter with tail rotor removed. 
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Open field 


Figure 28. — Engine-test arrangement. 

The sound measuring equipment used in the field tests 
eonsisted of a General Radio Company type 759-B sound- 
level meter, a General Radio Company type 760-A sound 
analyzer, and a Western Electric type 700-A sound -level 
meter and filter set. Both the frequency analysis and the 
overall sound pressure level were recorded on a twin recorder. 
This equipment gave an ovej-all measuring accuracy of about 
2 decibels when operating under field conditions. The 
response of the equipment was found to drop rapidly for 
frequencies below 40 cycles per second. A water-cooled 
crystal pressure pickup was utilized to obtain a time history 
of the pressure variation inside the exhaust pipe ahead of the 
muffler. Indications of the exhaust-gas temperatures were 
obtained through use of chromel-alumel thermocouples and 
a Lewis potentiometer. 

TESTS 

The field tests were conducted before sunrise on the 
Langley landing field. The ambient field noise level was 
approximately 62 decibels at the start of the field tests. 
Changes that may have occurred in the ambient field noise 
after the helicopter engine was started could not he deter- 
mined. The muffler field test included the investigation of 
the four mufflers of different size on the modified helicopter 
to determine the attenuation characteristics of the mufflers 
at an engine speed of approximately 2,200 revolutions per 
minute. In order to determine more fully the conditions 
under which the mufflers were operating, internal exhaust- 
gas sound pressures and temperatures were measured during 
one of the test runs. 

As a further check on the practicality of the muffler design, 
the helicopter was flown with the first three mufflers attached. 
The pilot, who had considei*able flying experience with the 
test helicopter, reported no noticeable change in performance. 

RESULTS AND DISCUSSION 

The results of these muffler tests, which are discussed in 
the following sections, show the effectiveness of the muffler 
in reducing the exhaust noises along with the merits and 
shortcomings of the theoretical equation under investigation 
(eq. (DlO)). The muffler experimental results are presented 
in the form of tables and curves. 

MUFFLER-ENGINE TESTS 

The muffler-engine-test results are shown in figure 29 and 
table V. These data describe the manner in which the 
amplitude of the exhaust noise varies with frequency. 



Frequency, cps 



(a) Mufflers 78 and 79. 

(b) Mufflers 80 and 81. 

Figure 29. — Comparison of recorded frequency analyses of helicopter 
noise with and without mufflers. 

Figure 29 (a) shows the unmuffled-exhaust noise spectrum 
in addition to the noise spectrums for both mufflers 78 and 79. 
Similarly, the spectrums for mufflers 80 and 81 are shown 
in figure 29 (b). 

Frequency analysis. — The curve describing the envelope 
for the unmuffled-exhaust noise frequencies shows that the 
fundamental firing frequency (noted by the dashed line) 
is by far the largest noise-producing harmonic and, thus, is 
the frequency which should be given the greatest attenuation. 
The peaks occurring at 75 and 205 cycles per second are the 
next largest sound-producing frequencies of the engine noise. 
These two peaks, along with the fundamental peak mentioned 
previously, define the frequency band where most of the 
annoying noise is found to exist and, consequently, the 
range which should be given the greatest attention. When 
the noise spectrum from each of the four mufflers is compared 
with that of the unmuffled engine, it becomes obvious that 
considerable muffling was obtained in the 75 to 205 cycles 
per second frequency band. In general, the curves are seen 
to have the same characteristic shape. 

Suppose now that a comparison is made between the cold 
tests and the engine tests. (See figs. 21 and 29.) Figure 21 
shows that mufflers 78, 79, and 80 should have yielded their 
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TABLE V.— BAND-PASS ANAI.YSIS ()¥ HELICOPTER NOISE 

AT 200 FEET 


Muffler 

Overall 

sound 

level, 

dh 

Sound pressure level, db, from — 

0 to 
50 
cps 

50 to 
100 
cps 

75 to 
150 
cps 

100 to 
200 
cps 

150 to 
800 
cps 

200 to 
400 
cps 

300 to 
000 
cps 

400 to 
800 
cps 

000 to 
1200 
cps 

78 

1 S.'S 

72 

80 

81 

81 

77 

75 

70 

00 

54 

79 

8.') 

70 

79 

82 

81 

70 

73 

()9 

()0 

58 

80 

1 88 

70 

78 

80 

79 

74 

72 

()7 

00 

57 

81 

88 

70 

78 

80 

78 

73 

72 

07 

59 

58 

Xo muffler 

91 

74 

84 

88 

87 

83 

8l’ 

71 

01 

58 


groat ost attoniiatiou at 280 cycles ])cr second and no atteiui- 
atioii in one lower and one highei* frequency cutoff baud. 
A point -by-point comparison l)ctween the data of these two 
figui-es s1iow(m1 that the helico])ter noise spectrum was not 
reduced by the amount ])redicted for the mufller in the cold 
test. For instance, the cold-test data for mufiler 79 showed 
about 11 decibels of attenuation was obtained at 128 cycles 
per second; the engine test, however, showed that 7 decibels 
of attenuation was realized when the mufller was tested on 
the helicopter. Similarly, at 200 cycles per second, approxi- 
mately 20 decibels of attenuation may have been exi)ected 
but only 11 decibels were measured during the engine test. 
Aft(‘r inspecting the data for all m\ifilers tested it was 
concluded that, although effective muffling was received, 
no muffler reduced the helicopter noise by the amounts 
pi*edicted from the mufflei* cold tests. 

Band-pass analysis. -In order to j^rovide a i*ough check 
on the lVe(iuency-analyses data, certain band-pass analyses 
wei'e made. These band-pass data (table V) give sound 
pressure levels with overlapping octaves for frequency 
bands, ranging from 0 to 1,200 cycles per second. Before 
further discussion of these data, it should be i)ointed out 
that the meter used in taking these measurements was of a 
different type from that used for the freciuency analysis. 
A constant 2-decii)el calibration difference was found to 
exist between the two meters used. For identical sound 
signals, the meter used to record tlie band-pass analysis 
always read 2 decibels moiv than the meter used to record 
the freciuency spectrum. 

Good agi-eement between these data was found in the 
frcHpiency range of 75 to 400 cycles ]>er second. This i*aiige 
is most important in the present study because most of the 
annoying noise falls within these limits. The band-pass 
analysis generally is not as useful for analyzing the data 
as the frecpiency spectrums; nevertheless, it can be used 
])rofitably to check other data and to find regions of large 
sound energies. 

Tailpipe characteristics. — The theoretical data previously 
discussed (fig. 21) showed that certain pass bands occurred 
at fre(iu(‘ncies l)oth above and below the mufller resonant 
fre([ueiicy. For mufiler 78, these bands are from 0 to 93 
cycles per second and from 375 to 400 cycles per second. 
Although the theoretical data showed no attenuation should 
have l)een obtained in the freciuency range from 0 to 93 
cycles per second, the fi-equency analysis of figure 29 (a) 
indicates that some effective (piieting was received. Some 
muf fling also was obtained in the ])redicted high-frequency 
pass band. In this baud, however, the attenuation is very 
small, ranging from to 2 decibels. The marked decrease 
in attenuation in the freciuency range from 375 to 400 cycles 


per second is sufficient to indicate that the tailpipe resonance 
must have occurred in this frecjiiency band ; this result 
agrees with the theory. The cold tests also showed this 
attenuation decrease. It may therefore be concluded that 
the theoretical expression is valid for ])redicting the tailpipe 
I’esonance of the muffler under engine test conditions and 
that some slight attenuation may be realized during such 
resonances. Further evidence of these tailpiiie resonances 
may be found by checking the data for mufflers 79 and 80. 

Internal sound pressures of the exhaust system. — ^As 
stated ])reviously, the test engine had two separate exhaust 
manifolds, one exhausting three cylinders and the other, 
four. A schematic drawing showing this arrangement 
appears in figure 30. Sound-pressure data, as signaled by a 
crystal pickup gage placed in the left exhaust manifold, are 
])resented in figure 31. The curve of ligiire 31 (a) describes 
one cycle of this sound valuation. The curve of figure 31 (b), 
having 4 humps, shows the exhaust-pressure variation for 
the 4-cylinder exhaust. This curve was not obtained 
directly from recorded data but was synthesized with the 
aid of the measured 3-cylinder exhaust curve. 

Close examination of the plot showing the 3-cylinder 
exhaust pressure reveals that the sound pressure in the 
system did not go as high when the second consecutive 
exhaust valve opened as when the first valve opened. An 
examination of the exhaust system i*e veals that the first 
cylinder exhaust valve remains open for a considerable 
time after the second cylinder valve o|)ens; thus, the volume 
of the system is increased. This increased volume allows, in 
effect, an additional ex])ansion of the exhausting gases and 
provides a damping of the peak sound pressures. 

The maximum peak exhaust pressure measured is shown 
to be approximately 7 pounds per square inch. This value 
corresponds to a sound-])ressure level of 189 decibels. This 
pn'ssure is far greater than both the pressure assumed in 
theory and the sound pressure used for the cold tests. The 
peak pressures measured entering the muf Hers attached to 
the cold-test setup were of the order of 141 decibels or 0.028 
])ound per square inch. In order to reduce large peak sound 
l)ulses, collector rings may be employed. The pressure 
records of figure 31, for example, indicate that, if a complete 
circular collector ring had been installed on the engine, the 
magnitude of the pressure peaks might have been reduced 
by over 50 percent. In addition, only one muffler would 
have been required. 



Figure 30. — Schematic drawing of helicopter-engine-exhau.st system. 
Firing order: 1, 3, 5, 7, 2, 4, 6. 
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(a) Variation of sound pressure measured in the 3-cylinder exhaust of 
the test helicopter. 

(b) Variation of sound pressure in the 4-cylinder exhaust of the test 
helicopter as estimated from 3-cylinder data. 


Figure 31. — Exhaust-pipe sound pressure. 


POSSIBLE REASONS FOR DISCREPANCIES BETWEEN COLD TESTS AND 

ENGINE TESTS 

Some reasons may be given to account for the discrepancies 
that exist between the attenuations obtained from the cold 
tests and those obtained from the engine tests. These 
reasons include (1) the large differences in opez*ating condi- 
tions, and (2) the prevailing extraneous noises of the engine 
tests. 

Differences in operating conditions. — In the section 
entitled ^‘Variables Dependent on Operating Conditions” in 
Part 111, the possible effects of three varialiles were discussed. 
The effect of temperature was taken into account in the 
design of the engine mufflers by using the speed of sound in 
the hot exhaust gas. The exhaust-gas velocity was not taken 
into account, but it is doubtful whether this factor could 
have caused a loss of attenuation, inasmuch as the available 
evidence indicates that the exhaust-gas velocity either 
causes an increase in attenuation or has little influence on 
attenuation. The exhaust-gas velocity for this engine is 
estimated to be about 500 feet per second. The cold-test 
experiments were conducted with peak sound pressures of 
the order of 141 decibels (0.028 psi); whereas, the peak 
sound pressures from the engine entering the mufflers were 
about 189 decibels (7.0 psi). This sound-pressure increase 
of 250 times in the mufffer system raises the sound pressure 
to a point where it is no longer small with respect to the 
static (atmospheric) pressure. An original assumption made 
in the development of the theoretical equation was that the 
sound pressure would be small in comparison with the 
static pressure. It is obvious that this assumption was not 
satisfied during the engine tests, and this fact may l>e 
responsible for some loss of attenuation. 

Extraneous noise. — Another factor which may account for 
some of the discrepancies between data is extraneous noise. 
The influence of this factor on the exhaust noise spectrum 
presented is difficult to determine. No j)ure extraneous noise 
spectrum could be obtained whereby a quantitative point- 
by-point comparison could be made. The extraneous noise, 
as discussed herein, is made up of all noises which originate 
from sources other than the exhaust gas. These noises 
include engine air intake, engine blower, engine clatter, 
vibrating fuselage, main rotor, and distant aircraft. The 
combination of these noises, when integrated with those 
from the exhaust gases, yields all the curves described in 
figure 29. If the exhaust-gas noise is the most pronounced 
noise in a system and if it is reduced continuously, some 


point will be ]iassed where the exhaust and extraneous noises 
will be equal. At this point the extraneous noise will be 
equally as important as the exhaust in determining the noise 
spectrum. Thus, the spectrum will stop defining the shape 
of exhaust noise in detail and begin to show some characteris- 
tics of the extraneous noises. A reduction of the exhaust 
noise well below that of the extraneous noise will leave a 
spectrum containing principally extraneous noise. With 
this fact in mind, the large, two-chamber muffler (81) was 
designed to attenuate the exhaust noise so much that the 
extraneous noise spectrum could be approximately deter- 
mined. The spectrum for muffler 81 (fig. 29 (b)) has prac- 
tically the same shape as that for muffler 80. This observa- 
tion indicates that muffler 80 must have reduced the exhaust 
noise to a point where the extraneous noise became prevalent 
and that muffler 81 could have only further reduced the 
exhaust noise; consequently, only slightly more overall noise 
reduction was provided. Overall sound-pressure measure- 
ments showed the same sound energy (81 decibels) was 
present at the microphones when both mufflers 80 and 81 
were installed. Thus, the exact attenuation provided l>y 
the mufflers could not be determined because of the exti-ane- 
ous noise level. It is of interest to note here that, as the 
extraneous noise level is approached, the mufflers must 
reduce the exhaust noise in greater increments to reduce the 
overall noise level by equal amounts. For instance, if the 
extraneous noise is 85 decibels and the exhaust noise is 100 
decibels, the overall noise will be 100.1 decibels. If a muffler 
reduces the exhaust noise by 12 decibels, the overall noise 
will be reduced by 10.4 decibels to 89.7 decibels. If the 
exhaust noise is reduced another 12 decibels (to 76 decibels), 
the overall noise level is reduced hy only 4.2 decibels to 
85.5 decibels. This explanation shows very clearly that the 
amount of overall noise reduction which can be gained l>y 
the use of a given muffler is dependent upon the relative 
intensities of the extraneous and exhaust noises. It may lie 
concluded, therefore, that a muffler used to attenuate a noise 
level which considerably exceeds that of the extraneous 
noise can provide much more overall noise reduction than if 
it were working in a noise range close to the extraneous noise. 

SIGNIFICANCE OF MEASURED NOISE REDUCTION 

In order that the significance of the noise reductions 
obtained may be interpreted, some comparisons and com- 
ments are made on the basis of the information contained in 
reference 13 regarding the sound levels of aircraft traffic. 
For those familiar with the noise of various types of airplanes 
on takeoff, figure 27 of this reference provides a meaningful 
comparison. The noise of the unmuffled 180-horsepower 
helicopter has about the same intensity level as that of the 
150-horsepower Stinson Voyager or the 165-horsepower 
Beech Bonanza. The smallest muffler tested on the helicopter 
reduced the intensity to about that of the ([uietest airplane 
of figiu-e 27 of reference 13, a 65-horsepower Piper Cub. 
These comparisons are made at takeoff* power at a distance 
of 200 feet. The three airplanes mentioned were all equipped 
with standard production mufflers. 

As a further indication of the significance of the sound 
levels measured in this investigation, a comparison in terms 
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of relative loudness is made. Kelative loudness is defined 
herein, as in reference 13, as the perceived loudness of sound 
heard by the average ear relative to the loudness of the normal 
conversational voice at a 3'foot distance. The variation in 
perceived loudness with the loudness level (in phons or 
decibels) is taken from the American Standards Association 
Standard Z24.2-1942. Relative loudnesses of the five 
configurations of this investigation, based on the overall 
sound levels given in table V, are approximately 5.3 for the 
unmuiiled helicopter, 2.9 with mufflers 1 and 2, and 2.5 with 
nnifflei-s 3 and 4, all at a distance of 200 feet at takeoft* power. 
Thtis-, rmifller 78, for example, reduces the loudness of the 
noise as perceived by the average ear by about 45 percent. 
This example gives an indication of the magnitude of the 
noise reduction obtained although, of course, the human mind 
takes into account other factors besides loudness in judging 
the annoyance due to a particular noise. On the basis of 
the (lata in reference 13, the distances at which the helicopter 
noise would have the same loudness as the reference conver- 
sational voice are estimated at about 1,800 feet for the un- 
muflled ludicopter, 800 feci with mufllers 78 and 79, and 
030 feet with mufilei-s 80 and 81 . It is evident from this 
discussion that the mufflers produc(‘d a very significant it- 
duction in the noise of the helicopter. 

CONCLUDING REMARKS 

Attenuation curves have been calculated for a large num- 
ber of inufflcTS, all of which are designed to permit the exhaust 
gas to flow through the mufflers without turning. Compari- 
son of the calculated curves with experimental data has shown 
that it is possible, by means of the acoustic theory, to predict 
the attenuation in still air at room temperature of mufflers 
of the size required for aircraft engiiu's. There are, however, 
certain limits to the muffler size and the frequency range 
within whi(*h these equations are applicable. These limits 
include: 

(a) F or expansion chambers, the acoustic wave length must 
be greater than about 0.82 times the chamber diameter. 

(b) For ivsonators, if the connector is longer than about 
one-fifth of the wave length at the dc'sired resonant fre- 
([ueiicv, the wave nature of the sound flow in the connector 
must be taken into account. 

(c) For iTsonators, if the acoustic ])ath length from the 
connector to the closed end of the chamber is of the order 


of one-eighth wave length or more, the wave nature of the 
flow in the chamber must be accounted for. 

The conductivity was predicted with reasonable accuracy 
for connectors composed of a small number of holes or tubes. 
Where large numbers of holes in close proximity were used, 
the conductivity was not accurately piTdictable. In such 
cases, the designer must rely on an experimental determina- 
tion of the conductivity through measurement of the iTsonant 
frequency. 

Methods have been found which, in theory, will eliminate 
pass bands in three specific cases. The pass bands that can 
be eliminated are: 

(a) The odd-nuinliered upper pass bands of a (loul)le- 
(‘xpansion-chamber mu filer. 

(b) The first upper pass band of a multiple-resonator 
muffl(T. 

(c) The first upper tailpipe pass band of a single-resonator 
mu filer. 

A method has been presented which permits the effect of 
the tailpipe to be included in the muffler calculations. wSpe- 
cific equations have been developed for the attenuation with 
tailpipes of single expansion chamber and single-chamber- 
iTSonator mufflers. Experimental verification of the ecpia- 
tion for the single-chamber lusonator was obtained under 
cold-test conditions. 

P^our resonator-type mufllers have been tested on a heli- 
copter engine. P]ven the smallest of these mufflers reduced 
the overall noise by a significant amount. Because this 
overall noise included a considerable amount of extraneous 
noise, an accurate determination of the exhaust-noise reduc- 
tion was not possible. The experimental results seem to 
indicate, however, that the exhaust-noise reduction may have 
been considerably h^ss than that which was obtained in the 
cold tests of tlu'se same mufllers. The tlu^ory is handicapped 
severely by the fact that the sound pressures inside the 
exhaust pipe were found to be much larger than those 
assumed in the basic theory. In order to isolate the effects 
of large sound pressure's and exhaust-gas flow velocities on 
the attenuating propertii's of mufllers, further tests are neces- 
sary in which extraneous nois(‘s are held to a low level. 

Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley PTeld, Va., October 6, 1952. 
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ATTENUATION OF EXPANSION-CHAMBER MUFFLERS 


ASSUMPTIONS AND GENERAL METHOD 

In the derivation of the equations for the attenuation of 
expansion-ehamher mufflers, the following conditions are 
assumed: 

(1) The sound pressures are small eompared with the 
absolute value of the average pressure in the system. 

(2) Tlie tailpipe is terminated in its charaeteristic imped- 
ance (no reflected waves in the tailpipe). 

(3) The muffler walls neither conduct nor transmit sound 
energy. 

(4) Only plane pressure waves need he considei’ed. 

(5) Viscosity effects may be neglected. 

By definition, the attenuation in decibels due to a com- 
bination of acoustic elements placed in a tube is 


10 lo ( incident sound power \ 

V Average transmitted sound power/ 


(Al) 


tion is pei*formed, the average sound power is obtained as 

^PCco^SlAi^ 

If the attenuation between two points located at cross sec- 
tions of equal area is desired, the formula is 

’ j i 2 

Attenuation^ 10 logio (A4) 

: -^12 I 

provided tliere are no reflected waves at the point 2. 

SINGLE EXPANSION CHAMBER 

A schematic diagram of a single expansion chamber is 
shown below: 


In the manner of reference 1 (p. 72), let the displacements 
and particle velocities of the incident and reflected waves 
at an arbitrary point x be written as 

where the positive x-direction is taken as the direction of 
I)ropagation of the incident wave and the constants .1 and 
B are, in general, complex numbers. For plane waves the 

acoustic pressure j) is equal to ^ where p is the aver- 

age density of the gas. The incident and reflected pressures 
can therefore be written as 

Pre= ioipc Be" ^ 





(A2) 


The average sound power in the incident wave is 


CO 

2tt 
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PiLS (It 


^2 

52 

A 2 

Bz 





. u J 


II 


The origin of x is taken at junction I. If constant factors 
are omitted, the equations for continuity of pressure and 
flow volume at junction 1 can be written, with the assistance 
of equations (A2) and (A3), as 

Ai~\- Bi=A2-h B 2 (A 5) 

Si{Ai-B,)=S2{A2-B2) 

or 

Ai-Bi=m{A2-B2) (A6) 

Similai*hq at junction II, the expressions are 

A2e-^^^^+B2e'^'^=A, (A7) 

m U2e"'*''-/i2e“'0=A3 (A8) 


where, since this is a calculation of actual power, only the 
real parts of Pi and can be considered. After the integra- 
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If, now, equations (A 5 ), (A6), (A7), and (A8) are solved 
siinnltaneonsly for the ratio AijAz, the resnlt is 


-Is 

Ul,' 


-J‘=eos A-/e+l K s 

I3 \ M / 


sin kle 


■[' =A/l + i('" — s'm^ Ue 
A 3 1 V 4\ /« / J 

and the attenuation (see ecj. (A 4 )) is 


(A 9 ) 


this equation against ki^. 
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(A 10) 


(All) 


niaximinn ])ressure nieasural)le in the exhaust jiijie to tlie 
left of junction I will he pi-oporlional to 


I A, 

I A3 


+ 


- ^3 , 


and will he found at the station x at whieli the incident and 
reflected waves are in phase with each other. The niaxiinum 
measured attenuation will thus he ^iven hv 


10 logio 



+ 


/AIV 

A,\J 


(A12) 


shown helow, with the symbols to he used also included: 


A ^9 


>33 A^e'""’e 


02 -gcr T 




-m ^ J » 
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The effective length of the connecting tube 21 c is equal to 
the ])hysical length plus an end correction. If the same i)asic 
m(‘thod is used as for the single expansion chamber, the 
equations of continuity of pressure and flow at the four 
indicat(‘d junctions are: 

At junction 1 


a1i -|- 7^1 — aIo “h 7^2 
Ai — Bi = rn (A2—R2) 


At junction 11 


A 3 c"‘''+/^ 2 e"''=A 3+/^3 
m(A2e~‘**'— =-l3— /^3 
At junction 111 






Substitution of equations (A 9 ) and (All) into equation 
(A12) results in 

Maximum measured at tenuation= 1 0 logio |^1 — 

siir ^V,+(m-l) sin 1 + * (m-^) si.r k/^ 

(A 13 ) 

The upper ciu've of figure 8 was computed from this equation. 

DOUnLE EXPANSION ( H AMBER WITH EXTERNAL CONNECTINO TUBE 

A schematic diagram of a douhle-expansion-chamher 
muffler with the connecting tube external to the chambers is 


At junction IV 


m 


{A,e-‘^'--Ihe‘^'')=A, 


Th(‘ simultaiu'ous solution of these equations results in 
2(hi4 — 1)V^‘**'+2(/h''^— l)^e — 
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This equation can l)c written, in terms of trigonometric 
functions, as 

^=Y^2 { [4m(m + l)2 cos 2Hle+lc)—^m{rn—\f cos 2k{le—lc)] 
+ i[2(m2+l)(m + l)2 sin 2k{le+lc)~ 

2(m^+l)(rri — l)^sin 2A'(/g— /c)— 4(m^— 1)^ sin 2k!c ] } (Al4) 

The attenuation is 


Attenuation=10 logio |j^R +^I 


(A 15) 


when K and 1 are used to denote the real and imaginary 
parts, respect iveh\ 

DOUBLE EXPANSION CHAMBER WITH INTERNAL CONNECTING TUBE 

A schematic diagram of a double-expansion-chaniber 
muffler witli tlie connecting tul)e intei-nal to tJie expansion 
chamhers is shown lielow, with the symbols to be used also 
indicated: 
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The basic equations of continuity of pressure and flow at the 
four indicated junctions are: 

At junction I 


Ai + 7?i — ^ I2 + T?2 

^ li —Bi = m (. I2 — Bo) 


At junction II 


At junction HI 


A,e-^''^‘‘+B,e^>'^'‘=A,+Bs=A,+B, 
A,e~^»:‘c-B,e^":‘c+ (m - 1 )(. 1 ,-B,)= >n{A,- B,) 
At junction IV 


=A-j 

In addition, because of the total reflection from the bulkhead 
separating the two chambers, 

The simultaneous solution of these equations results in 
"-p=cos 2kle—{rn—\) sin 2kle tan klc+ 

\ sin 2kle-\-{'>n—\) tan klc 

[(;^+i)"°^2A-/.-(7«-T)]} (A16) 

The attenuation is 

Attenuation=10 logic ||^R ( 10 ] ( 10 ] | 

CUTOFF FREQUENCY 

In the design of double-expansion-chamber mufflers, it is 
important to be able to predict the low-frequency limit of the 
first effective attenuation region. This frequency is called 
the cutoff frequency /c. It may, of course, lie found from a 
plot of equation (Al7) but a more rapid method of estimat- 
ing fc is desirable for use in the preliminary design of a 
muffler. The semiempirical equation 

Y 1^1 ehA'^ He — h) 

has been found quite satisfactory for this purpose within the 
range of variables covered in this investigation (see table II). 


APPENDIX B 


ATTENUATION OF RESONATOR MUFFLERS 


SINGLE RESONATORS 


holow with (lu‘ symbols tluit arc used indicated: 


In the derivation of the equation for the attenuation due 
to a single resonator in a side branch, assumptions (1), (2), 
and (3) of appendix A are required. iVssumptions (4) and (5) 
are modified a,s follows: 

(4) Only plane pressure waves are propagated in the ex- 
haust pipe and the tailpipe. 

(5) The influence of the viscosity of the fluid may be 
neglected everywhere except in the tubes or orifices which 
form the connector l)etween the exhaust pipe and the 
volume chamber of the resonator. 

The following two additional assumptions are necessary: 

(6) The boundary-layer thickness is small compared to the 
diameter of the tube or orifice in which viscosity efl’ects are 
considered. 

(7) The dimensions of the resonator are small relative to 
the wave length of the sound considered. 

Consider the effect of a side branch of impedance 
Zt= opening into a tube in which plane sound 

waves are propagated. At the point where the branch joins 
the tube, the conditions of continuity of pressure and sound 
current give 

Vi~^ Pre — P^ — P tr (Bl) 

(B2) 

where subscripts i and re refer to the incident and refle(‘ted 
waves ahead of the branch, b refers to the branch, and tr 
refers to the transmitted wave behind the branch. For a 
plane wave p = ZJ, where Zo is the characteristic impedance 
of the tube. If the currents are written in terms of pressure 
and impedance, equation (B2) becomes 

(Pt— Pre) = P(r (^+^) 
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On tlu' basis of tbe listed assumptions, the impedances of the 
various (*omponents are (ref. 1, p. 118) 


Volume-chamber impedance= — i ^ (B5) 

Connector impedance=— ^ 

^ \ Co Tra / 


(B6) 


where Co is the conductivity and Ic is the effective length of 
the connector. Since, in the resonator side branch, the 
volume chamber and the connector are in series 

(B7) 



coC Ta^ 


^ 2/zpco 


(B8) 


These values, when substituted into equation (B4), give the 
attenuation of a single-resonator mufller. 

In many cases it is possible to neglect the effect of viscosity 
without introducing excessive error, except at the resonant 
frequency. If /i = (). equation (B4) simplifies to 


If, now, ecpiations (Bl) and (B3) are solved simultaneously 
for the ratio Pilptr, the result is 


Ptr ■ 2Z^ 2(Rb+i^b) 

Hence the attenuation is 


Attenuation=10 logi, 


Ptr 


= 10 logi 


(A-.+fy+.v 

A.'+.V. 


^ 2 
b 


(B4) 


A schematic diagram of a single-resonator mufller is shown 


/ Z ^ \ 

Attenuation^ 10 logio ( 

By inserting the value of A% and making use of the fact 
that it is possible to bring equation (B9) into 

27T \ V 

the form 


Atteiiuation= 10 logio 



(BIO) 
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The design curves of figure 23 have been obtained from this 
equation. Since viscosity has been neglected, the predicted 
attenuation rises to infinity at the resonant frequency 



1 . 


If the effective length of the connector U is not sufficiently 
short compared to the sound-wave length, assumption (7) 
of appendix B is violated and the wave nature of the flow in 
the connector must be considered. Muffler 28 is an example 
of this case. For a connector of length Ic and area Sc ter- 
minated by a volume V, the branch reactance (with vis- 
cosity omitted) is 



This expression can be obtained from equation 5.30, page 
125, reference 1 by substituting the volume-chaml)er im- 

.pC^ 

pedance — i^for the impedance which is symbolized by Zi 


in the reference. Having obtained the branch reactance, the 
attenuation, with viscosity neglected, is calculated from 
equation (B9). The attenuation of muffler 28 was calculated 
in this manner. Strictly speaking, an end correction is re- 
cpiired at both ends of the connector in determining the 
effective connector length U when equation (Bll) is used. 
This correction will reach a maximum of about 0.8 times the 
connector radius, at each end of the connector, if the con- 
nector radius is much smaller than that of the exhaust pipe 
and the volume chamber. 

If the resonant chaml)er is itself long, the resonance l)e- 
comes a length-controlled phenomenon instead of a volume- 
controlled one and the attenuation can be determined by 
assuming plane-wave motion in both the connector and the 
chamber. 

In case the connector is short and the chamber is long, as 
in the following sketch, another approach may be used: 


o 

o 


o 
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Again, the problem is to determine the branch impedance. 
For a closed chamber the branch imjiedance is (again with 
viscosity omitted) 

z,=i(^-^ cot kh) 0312) 

\ Co 02 / 

The attenuation is therefore 



P"or a muffler in which the connector is located at the center 
of the resonant chamber, rather than at the end, the effec- 
tive chamber length is one-half the actual chamber length k 


and the effective expansion ratio is twice the physical expan- 
sion ratio m. These effective values should be used in equa- 
tion (Bl2) or (B13). Because of the typical attenuation 
characteristics of resonators of this type (eq. (B13)), they 
are called ^Vpiarter-wave’^ resonators. 


MULTIPLE RESONATORS 

The attenuation of M identical chambers of an infimte 
filter composed of branch resonators is given by (see ref. 8) 


Attenuation=— 8.694/ cosh ' 
where 

Zo pc 


cos kh + i sin kh 


(B14) 


2Z, 2S . /27t/p pc^ \ 

U Co 2^JV) 

By use of the substitution equation may also 

be written as 


ycoV 

Zo__. 2S 
2Zr \lJjr 
Jr f 

Substituting this expression in equation (B14) and making 
use of the fact that kr=^^-^ gives 
Attenuation = — 8.694/ 

Vep I 

/. / 


cosh 


cos I 


(BIS) 


where the inverse hyperbolic cosine is taken with a negative 
sign. Thus at a given frequency the attenuation, per cham- 
ber, of a multiple-resonator muffler is a function of three 
basic parameters: yCoV/2Sj krhy and ^Co/V (since /r is con 
trolled by ‘yJcJjV) . The design curves of figure 24 were cal- 
culated from equation (Bl5). 

In reference 1 the cutoff frequency is given as 


fc= 



(B16) 


In terms of the resonant frequency equation (Bl6) can be 
written in the form 



These equations for are, in realit^^ approximations since 
lumped impedances were assumed in the derivation (see ref. 1). 
The approximation should be valid within the range of 
variables where tan kcl\ can be taken as kcl\ within the 
permissible limits of accuracy. 

In the case of mufflers with long chambers the expression 
forZft given b}’ equation (Bl2) can be used in equation (Bl4). 
Instances whei*e this substitution has been made are pointed 
out in the text and in the figures. 


APPENDIX C 


COMBINATIONS 


TWO RESONATORS TUNED AT DIFFERENT FREOUENCIES 

A sehoinalic diagram of a muffler eomposed of two resona- 
tors tuned at different frequencies is shown below with the 
subscripts that will be used to indicate various locations also 
shown: 


. 5 L 


1 

3 

4 

6 









, Z, 

1 



The assumptions made are the same as for the single resona- 
tors. At station 1 let 

‘ ~ iw S' ( A 1 - "V 1 1 - Si 


From this relationship 


-li Zi+Zo 


(Cl) 


where Zj is the im])edance of the first bj’anch and the circuit 
to the right of this branch in parallel. Similarly 


Ih^Z^-Zo 

-U Z:^-\-Zq 


(C2) 


The equation for continuity of pressure at the junction is 


A, + B,=A,+Jh 


Ai 


1 + 
1 + 


Ih 

IB 


Substituting from equations (Cl) and (C2) gives 

Z3 Zi~t ~-^o 

^ 1.3 Zi Z3+Z0 

Similarly 

.. 1 4 ^ -^i+Zo ^4+^ 

.If} Z4 Z5+Z0 2Z4 

since Zo = Zn. Now 

A4=A36-^^"^ 

so that 



The values of the impedances in this equation are 



Z3 Z4 cos kl\-{- IZ q sin kl\ 
Z() Z() cos kl\-\~ iZ^ sin kl\ 

y Z0Z3 


(C4) 


(C5) 


(C6) 


The attenuation is determined by inserting the values given 
in equations (C4), (C5), and (CO) into equation (C3) and 


working out the expression for 


Attenuation^ 10 lo 


&10 


A, = 


If the bi'anch impedances have no resistive components, the result obtained is 

[A^AV+ZoA%^+Zo (A%+A^)^] + i[/?3lY2+A%A^^^^^^ 

[/i'sAV cos Wi+^oA 2A% sin kli] + i [/?3^A^2+AVY3 (A2+A3) cos Wi— Z(vY2 (A2+A"3) sin 


kh] 


(C7) 


(C8) 
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where 

I! 




x\ 


* \{Zo^-\-X^ cos kli—ZoXi sin Wi]^+AV sin^ kh 

Zo^X,(Zo^+X,^ cos 2A-/.+I (Zo^+Zo^X,^ sin 2kl, 
[(Zo^+^Ys^ cos kli—ZoX^ sill A:/i]^+AV sin^ hh 


^ (C9) 


These equations were used to calculate the attenuation of 
muffler 73 (see fig. 16). It has been found necessary to 
include the length li, even though it may be much less than 
the sound wave length under consideration. 

A RESONATOR AND AN EXPANSION CHAMBER 

A schematic diagram of a muffler composed of a resonator 
in combination with an expansion chamber is shown below: 


• 2—1 


1 

345 
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The boundary conditions to be satisfied at station I are 

Ai+y^i=A2+/^2=xl3+/^3 (Cl 0) 

Sr{zU-B,) = S2{A2-}l2) + S,(A,-B,) (Cll) 

Fi*om equations (CIO) and (Cll) 


4.=|||U2-/^2)+A3 


(Cl 2) 


For the side branch 


Z7 P2 io3pC{A2~\-B2)e''^^ pc zl2 + /^2 

h~ io:S 2 {A 2 -B 2 )e '^^'~^2 A 2 -B 2 

from which 

If equation (Cl3) is substituted into equation (Cl2), the 
result is 

S^)Z2 Cl3 + ^^3)+^d3 


Since ^ 13 =^ 46 * B^=B^e and ^=Zq, the preceding 

01 

equation can also be written as 

Ai=(i+ 2^^) + (Cl4) 

Let the subscripts 1 and 3 of equations (A9) and (All) be 
replaced by 4 and 6, respectively. Then the ratios AJA^^ 
and B^jA^ can be written as 


^^=cos kle-\-i \ 


sin kle 


B 


. 1 / 1 \ , 


(C15) 

(C16) 


By using equations (Cl4), (Clo), and (Cl6), tlie ratio 
AijAf, can be written as 

= -^(1 — i l^cos kl,+i i (?n+^) sin 
= {e^A,+^,^(m+^)sin/:/,- 

cos kle-\-^^ (m— ^) sin 2kli sin 




(Cl 7) 


The attenuation is given by 

I .f 1 2 

Attenuation=10 logic L- 

U'lel 


= 10 logio^j^cos 
4 X, ('"“m) 2 A -5 sinA-/e] + 


sin kL— 


[|('»+^)sin cos Ai+ 

(m— ;^)sin 2kh sin AVeJ ^ (Cl8) 


APPENDIX D 

ATTENUATION OF MUFFLERS WITH FINITE TAILPIPES 


SINGLE EXPANSION ( HAMBER 

Consider a muffler composed of an expansion chamber 
with expansion ratio m terminated with a tailpipe of effec- 
tive length It. At the upstream end of the muffler, 

Ai + /ii-A2+/i2 (131) 

Ai—Bi = ^ri{A2—B2) (132) 

At the downstream end, assuming total reflection from the 
end of the tailpipe 

A2e"'*'‘+/^2e'*''=A3+/i3=A3 (D;i) 

mU2e“*''-/i2e’‘'')=A3 (D4) 

These four ecpiations, when solved simultaneously for AxAU, 
give 


{ [4m cos kle—2{m^—\) sin 2kU sin kle] + 
Az 4?n ^ ' 

i [2{m^+\) sin kle—2{m^—\) cos 2klt sin kle]] 


The attenuation is 10 logio 


where 


lil^ 

w 

|Ai , (m2-l)2 . m^-l 




= 1 + ^”^^' sin^kle 
' 2m^ 


2m 


sin 2klt sin 2kle— 


m*—\ 

2m'^ 


?os 2klt sin^Ar/e 


(D5) 


ddie approximate cutoff frequency is found by setting the 
preceding expression equal to zero and solving for k, with 
the approximations that 


sin kle=kle 

sin 2kle=2kle 


The result is 


sin 2klt=2klt 



(D6) 


SINGLE RESONATOR 

A schematic diagram of a single-resonator muffler with a 
finite tailpipe is shown below: 


b 


1 f 


k 


The method of appendix C gives 


A I Zf Zi + Zo 

At Zi Zf + Zo 


If now the substitution 


is made, the result is 


Zi= 


z,+z, 


4i 

A, 


= 1 + 





(D7) 


If the correct values for Zo/Z^, and Zo/Zt are inserted in this 
equation, the attenuation ma}' be calculated from equation 
(A4). As an example, the attenuation equation will be 
developed for the case where Zt is a pure reactance and total 
reflection is assumed at the open end of the tailpipe. In 
this case 


A, 


= 1 


ZoliXi, 

#+i 

iX, 


(D8) 


Upon reduction this gives 


L4, ^ , , 2(Zo/A',)(Zo/A’,) , (Zo/A,)^ 

I A, (Zo/A,)^+l ^(Z,/X,y+l 


(DO) 


THEORKTICAL AND EXPERIMENTAL INVESTIGATION OF MUFFLERS 


47 


Finally, for 
substitute 


the single-braiieh resonator with 

^=cot kh 

t 


a 


tailpipe 


where /, includes the end eorrection mentioned in Part II 
of this report under the heading “Theory.” Substitute also 


and 


kl, = krl. 

Jr 

^0 



with the result 


Attenuation= 10 logio 


p: sin 2k r 1 1 1 
, , VcoV .h, 

1+ 0- p + 


■(H) 



(DlO) 


Note that inequation (DIG) the parameters which determine 
the attenuation eharaeteristies are -^CoV/S, krh, and /r 

(or HolV)- 

The pass frequeneies can be foui\d by setting the sum of 
the second and third terms of equation (DlO) equal to zero, 
with the result 


'I'he attenuation will be zero for any value of k which satisfies 
this equation. For the cutoff frequency this equation can be 
simi)lified by the use of the approximation 


with the result 




tan kli = kl, 

Jr 


V'+s 


fr ^ 

; , I 


(D12) 


Use of this equation gives a value of approximately 88 cycles 
])er second for the cutoff fretpieney of the muffler of figure 
18 (a), d'he more exact calculation gives /c = 85 cycles per 
second. Note tlie similarity in form between equation 
(1)12) and equation (B17). 
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